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1.
P R E F A C E .
The work incorporated in this thesis is out of a joint 
project between nçrself and Dr. I .A. Bcyd, Senior Lecturer in 
Physiology, University of Glasgow, on the 'Biological Threshold 
for Drug Action^. A sensitive equipment specially suitable for 
continuously recording four cardiac parameters - venous pressure, 
heart rate, arterial pressure, and cardiac output, has been developed 
by Dr. Boyd and Mr. Eadie over a period of several years. The details 
of this equipment and technique of recording have been published, as 
mentioned in the section on Methods. All the work incorporated in 
the thesis was conducted by nyself. Dr. Boyd has, however, very 
kindly supplied the results of a few experiments conducted by him 
in 19$6 and 1957* These results of Dr. Boyd have been used only for 
evaluating the general trend of sensitivity of frog hearts to 
acetylcholine over a longer period and they are essentially in 
agreement with my own results of three years. These experiments of 
Dr. Boyd are clearly identified in this thesis, and I hereby thankfully 
acknowledge permission to refer to them.
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2.
A C K N O W L E G E M E N T S .
I shall ever remain grateful to Professor R.C. Garry for 
the keen interest he has taken in the guidance of this work from 
beginning to end.
I am also thankful to Dr. I.A. Boyd for guidance, sipervision 
and helpful suggestions during the course of this work, and also for 
permission to refer to some of his own experiments.
to thanks are also due to the Boyd Research Institute for 
providing the equipment, apparatus and technical staff to look after 
the working andTXfaintenance of the equipment, to thanks are due to 
each of the members of the technical staff headed by Mr. Eadie and 
Miss Campbell, who individually took extraordinary interest in 
keeping the apparatus and equipment ready for use at all times. The 
success of the work is largely due to this promptness,
I am also thankful to all the members of the teaching staff 
of the Institute of Physiology for their helpful attitude in this 
work, and my thanks are particularly due to Dr. J.B. deV. Weir who 
helped in the statistical analysis of the results. Among the technical 
staff of the Institute of Physiology I am especially grateful to 
Mr. R. Callander, Miss J. Wilson and Mr. D. MacAUister for their 
help in obtaining the photographs of the Figures.
3.
I N T R O D U C T I O N .
The present work was not intended to investigate the 
pharmacological actions of a drug or of a group of drugs. The aim 
was to investigate some physiologically important and well-documented 
substances to determine the minimum effective concentration 
(threshold sensitivity) which can influence the activity of a 
biological preparation. The neurohumoral transmitter substances, 
acetylcholine, adrenaline, noradrenaline, 5-hydroxy tryptamine and 
nicotine, have been extensively investigated by many workers on a 
large variety of biological preparations. One would also expect 
most of these substances to be effective in small amounts. These 
substances were^therefore^selected for the present study.
The spontaneously beating perfused frog heart was selected 
as the preparation to test the threshold sensitivity to these 
substances for several reasons:
1. The frog heart is responsive to all substances under 
investigation.
2. The frog heart has been extensively used in the study of the 
actions of acetylcholine ever since Dale's classical experiments 
in the year 19lU.
3. Some of the variables which fundamentally influence and determine 
cardiac performance can be readily controlled in the hearts of 
frogs.
u.
U. Frog hearts can be made to survive for days under a suitable
perfusion technique and ^ therefore^ several series of doses can be 
tried on the same pr^aration with a sufficient interval of time* 
5* A sensitive equipment could be developed to record several 
parameters of the activity of frog hearts simultaneously and 
continuously*
Acetylcholine was selected as the first substance for investig- 
-ating the threshold sensitivity* Because it was intended to test a 
veiy wide range of concentrations of acetylcholine starting with very 
small concentrations, it was essential to eliminate alT possible 
chances of an effect due to an artefact. Several types of control at 
different stages of each experiment were^therefore,introduced. To 
obtain satisfactory controls with this sensitive equipment was not 
easy. Several factors which are relatively unimportant while studying 
effects of large doses of drugs in high concentration with insensitive 
recording techniques are now of considerable importance. All factors 
liable to variation demand analysis and control when sensitive equip- 
-ment is used to study the effect of very small quantities of 
substances. Such precautions are necessary simply because variables 
or contaminants can so easily simulate the effect of small quantities 
of potent physiological agents. îly principal task in this type of 
work, therefore, was to obtain such experimental perfection as would 
provide satisfactory controls at all stages of each experiment.
The distilled water used for preparing solutions, the ionic
5.
conipcsition of fluids, the type of glass containers, the connecting 
tubing, the minor variations in temperature from place to place in 
the laboratory (and consequently of solutions standing at different 
pieces), minor variations in the pH of solutions and bacterial 
contamination of glassware and tubing, all were liable to influence 
the behaviour of the preparation. With conventional methods the 
influence of such factors would not be easily detected. Most of these 
variable factors were easily controlled once their importance was 
realised, though considerable time was devoted to analysing and 
controlling them. The choice of a suitable type of connecting tubing 
of really non-toxic material, however, was found to be a difficult 
prcblem and a special study had to be undertaken to find out the best 
available material. The results of this side study are described 
separately.
Since the sensitivity of frog hearts to acetylcholine seemed to 
vary from time to time, experiments were carried out over a period 
of several years to determine the exact periods of incidence of high 
sensitivity. The results of these experiments indicated that the 
incidence of high sensitivity was greater in certain periods of the year. 
The possibility of some relation between the incidence of high 
sensitivity (considered possibly greater in the female at one stage) to 
acetylcholine and the sex cycle in the frog was entertained. A scheme 
of injecting female sex hormones into intact frogs of either sex before 
us lag them for testing sensitivity to acetylcholine,was formulated 
witt a view to increasing or stabilising the sensitivity. The
6 .
influence of the composition of the Ringer’s solution on sensitivity 
to acetylcholine was also investigated.
A considerable time was devoted to conducting these different 
t^ rpes of experiment on sensitivity to acetylcholine. The other 
substances have not been investigated in similar detail. However, 
experiments were designed to test the other substances on at least 
some hearts to find if the high sensitivity of a particular heart to 
acetylcholine was associated with a high sensitivity to other sub­
stances and if administration of female sex hormones was associated 
with a change in the sensitivity to any of these substances. The 
sensitivity of the hearts to adrenaline, noradrenaline and 5-hydroxy- 
tryptamine was ^ therefore^tested in a few uninjected frogs and in 
most of the injected frogs. Nicotine was investigated only in a few 
uninjected frogs.
For convenience of description the thesis is divided into 
two parts.
Part I - contains the experiments on the ’Sensitivity of
Frog Hearts to Acetylcholine and Other Neurohumoral 
Transmitter and Allied Substances’.
Part II - is devoted to the ’Comparative Toxicity of Modern 
Plastic and Silicone Connecting Tubing, Tested on 
Frog Hearts’.
7.
PART I
THE SENSrriTTrï OF FROG HEARTS TO 
ACETriCHOLINE AND OTHER NEIEOHUMORAl 
TRANSMITTER AND ATJ.Tm SUBSTANCES.
8.
R E V I E W  O P  L I T E R A T U R E .
9.
A large volume of literature is available on the different 
aspects of the actions of acetylcholine, adrenaline, noradrenaline, 
and 5-hydroxytryptamine. A review of the literature relevant to 
the present work is presented here.
ACETYLCHOLINE
Sensitivity of Various Biological Preparations.
A number of biological tissues have been investigated for 
sensitivity to acetylcholine. The dorsal longitudinal muscle of 
the leech was found to be quite sensitive in a concentration of 
10* g/ml. (Chang and Gaddum, 1933 j Feldberg and Gaddum, 193U). 
Eserinised leech muscle may respond to 10*^ g/ml (Minz, 1932).
Chang and Gaddum (1933) also found that the sensitivity of the
.6 mB ,rectus muscle of the frog varied from 10 to 10 g/ml depending
upon the season. Goff art (1939) observed that the sensitivity could
be iirproved by storing the frogs at 2 to 3®C for a few days prior to
use. The frog heart has been extensively used for the study of
actions of acetylcholine. (Dale, 19lk; Kolm and Pick, 1920j
Clark, 1926; Loewi, 19Ü9; Bentley and Shaw, 1952). Dale (191Ü)
and Clark (1926) observed that the minimum effective concentration
9in frog hearts was 10*^  g/ml. Guinea-pigs ilium (Bentley and Shaw, 
1952; Bemheim and Gorfain, 193U) and rabbits* duodenum (Dale,1911;; 
Dale and Dudley, 1929} Feldberg and Gaddum, 193U; Fletcher, Best 
and Solandt, 1935) are sensitive to acetylcholine between 10*^ and 
10’ ®
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10 g/ml and have been used for assay of acetylcholine. The blood 
pressure rei^onse of anaesthetised cat is also sensitive to acetyl- 
-choline in a dose of 0.01 x 10* to .000002 x 10** g/kg (Dale, 
I91U; Reid Hunt, 1928; Feldberg and Gaddum, 193U, Brown and 
Feldberg, 1936). Isolated rabbit auricle is sensitive to acetyl­
choline in concentrations of 10*^ g/ml to 10* g/ml (Clark, 1921; 
Feldberg and Gaddum, 193U; Webb, 1950; Bum, 1956). Recently the 
invertebrate tissues have been investigated for their sensitivity to 
several neurohumoral substances. The hearts of several molluscs 
have been found to be very sensitive (Welsh, 19U3). The heart of the 
clam Venus mercenaria is sensitive to acetylcholine in a concentrât- 
-ion of 10* g/ml (Prosser, I9UO; Wait, 19U3; Welsh and Taub, 19U8). 
A seasonal variation in sensitivity (Prosser, I9UO; Welsh and Taub, 
I9U8) was also observed. The sensitivity was found to be maximum in 
late winter and spring up to June. An irregularity in the heart beat 
was observed in late summer. Isolated hearts of Cyprina islandica
suspended in a bath responded to acetylcholine in concentrations of 
.11 ,10 to 10 g/ml. A graded effect on rate but not on amplitude was 
observed (Welsh, 195U). Similar findings were confirmed on the heart 
of the whelk Buccinium undatum (Welsh, 195U). Hughes (1955) found 
the isolated ventricle of to& arenaria to be responsive to acetyl- 
-choline around a concentration of 10*^^ g/ml. An inhibitory 
response (both reduction in amplitude and slowing) was observed.
He also found that this preparation was occasionally (April and May) 
sensitive to as low a concentration as 10*^ g/ml. Stimulating
11.
action^both on anpHtude and rate^of low concentrations of acetyl- 
-choline was also observed. Stopping doses of acetylcholine 
occasionally improved the performance after washing out acetylchol- 
-ine and made the heart more sensitive. Old hearts which beat 
sluggishly could be improved with ergometrine maleate without 
influencing sensitivity to acetylcholine.
Muscle strips of holothurians (echinodermata) have also been 
found to be sensitive to acetylcholine (Bacq, 1939)• The longitud- 
■inal body-wall muscle of Holothuria nigra responded to 10* g/ml of 
acetylcholine with little spontaneous activity. Eserine at a concent- 
-ration of 10 g/ml produced 100 times increase in sensitivity but 
also increased the spontaneous activity (Welsh, 195k). Kmjevic and 
Mitchell (1961) reported that the rat duodenum was sensitive to 
acetylcholine 10* g/ml. Corsten (I9UI) found that acetylcholine 
was effective on frog lung preparation in a concentration of 10*^ 
g/ml. Macintosh and Perry (1950) have discussed the sensitivity of 
different biological preparations used for assay of acetylcholine.
Influence of some Factors on Sensitivity to Acetylcholine.
(i) Between species and in the same speciesj-
The sensitivity of various biological preparations from 
different species has been considered above. A significant 
variation in sensitivity between members of same species was 
observed by many workers quoted above.
12.
(ii) Spontaneous changes in sensitivity in the same preparation
Spontaneous changes in sensitivity to acetylcholine in 
isolated frog and rabbit hearts has been reported (Cori, 1921; 
Pines, 193k; Rothberger and Sach, 1938; Webb, 1950)#
(iii) Sex;-
The difference in sensitivity to acetylcholine between 
two sexes has not been reported by previous workers. However, 
Cori C192I) observed a more marked and consistent cardiac 
inhibition from vagal stimulation in female frogs. Applerot 
(1930) reported similar findings in frogs and toads.
(iv) Seasoni-
A seasonal variation in the sensitivity in molluscs* 
hearts has been reported. The hearts of Venus mercenaria 
(Prosser, 19kO; Welsh and Taub, 19k8) showed maximum sensi- 
-tivity in late winter and spring to June. The heart of 
yiya arenaria was,however, found to be most sensitive in April 
and May (Hughes, 1955)* A marked seasonal variation in the 
action of the vagus on the frog hearts was recorded by Clark 
(1927 b). He found vagal stimulation to be much less effective 
in the summer than in the winter.
(v) Tenperature:-
No remarkable effect of the temperature of perfusion 
fluid on acetylcholine sensitivity was observed in frog heart 
(Clark, 1926) and in isolated rabbit auricles (Webb, 1950)^ 
However, minor variations in the intensity of action of
13.
acetylcholine on the chronotropic response was reported 
(Webb, 1950).
(vi) Anoxia;-
No influence of anoxia on sensitivity to acetylcholine 
was observed in isolated rabbit auricles (Webb, 1950)
(vii) Adrenaline;-
Adrenaline potentiated the actions of vagus on frog hearts 
(Kolm and Pick, 1920) and acetylcholine antagonised the action 
of adrenaline on frog heart (Loewi, 19Ü9)* Bum (19U5) has 
discussed the potentiating effect of adrenaline on the action 
of acetylcholine. Middleton and Talesnik (I9k9) observed 
an increase in sensitivity to acetylcholine in guinea-pig and 
cat hearts. The potentiating effect of adrenaline on acetyl- 
-choline action was,however^ not found in isolated rabbit 
auricles (Webb, 1950).
(yiii) CoDÇ)osition of Ringer’s solution:-
(a) Potassium
BoucifeLert (1921) reported a decrease in the action 
of pilocarpine on frog hearts when the concentration of 
potassium was reduced. A reduced concentration of 
potassium and excess^ ■ of hydroxyl ions was found to 
decrease the action of acetylcholine in frog hearts 
(Davis, 1931). Clark (1927, a,b)^however^found that a low 
concentration of potassium increased while a high concent-
ih .
-ration of potassium decreased the action of acetylcholine 
in frog hearts. The findings of Clark have been confirmed 
in isolated rabbit auricles (Graham, 19k?).
(b) Calcium;-
No change in the sensitivity of frog hearts to 
pilocarpine and muscarine was observed on changing the 
calcium concentration (Loewi, 1912). Kolm and Pick (1920) 
however reported a decrease in the action of acetylcholine 
and muscarine in frog hearts when the calcium concentration 
was increased. Zondek (1920) also observed a decrease in 
the action of muscarine in frog hearts on increasing the 
calcium concentration. Clark (1927,a) found that an increase 
in the concentration of calcium decreased the action of 
acetylcholine while a reduction of calcium concentration 
had no effect in frog hearts. Webb (1950) has reported a 
qualitative change in the action of acetylcholine on increas- 
-ing the calcium concentration. He reported that acetyl- 
-choline stopped the isolated rabbit auricles, suspended in 
normal Ringer’s solution, without influencing the pacemaker; 
but in presence of a high concentration of calcium in the 
Ringer’s solution, the stoppage by acetylcholine was 
associated with the failure of pacemaker to discharge the 
iirpulse.
(ix) Metabolism :-
Torda and Wolff (I9k6) observed that iodoacetate had no
15.
effect on acetylcholine sensitivity while fluoride increased 
the sensitivity. Webb (195o) has studied the influence of 
several metabolic substrate and inhibitors on sensitivity of 
isolated rabbit auricles to acetylcholine. It was observed 
that succinate, fumarate, citrate, oxalacetate, glutamate, 
butyrate, (3-hydroxybutyrate, caprylate, pyruvate, malate, acetate, 
malcnate, pyrophosphate, and phloridzin, had no effect on acetyl- 
-choline sensitivity. Cyanide, azide and iodoacetate potentiated 
acetylcholine action. Fluoride had a biphasic effect causing 
initial transient potentiation but subsequent decrease in the 
action of acetylcholine. Glucose depletion caused only minor 
changes in the action of acetylcholine.
Stimulating Action of Acetylcholine:
Sach (1937) and Rothberger and Sach (1938) showed that acetyl-
-choline and other choline derivatives gave an excitatory effect
(more marked on inotropic than on chronotropic response) in lower
concentrations (around 10*^^ g/ml) and an inhibitory effect at higher
—6 —8concentrations (between 10 to 10* ) in isolated rabbit auricles.
They also observed that both negative and positive inotropic effects 
could be neutralised by atropine. Pines (193k) observed an excitatory
■■7effect at 10 g/ml. Spadolini and Domini (19ko) made similar observat-
-ions on isolated guinea-pigs’ heart. They noted an excitatory effect 
between the concentration of lO"^ and 10*^ g/ml and an inhibitory 
effect from higher concentrations. Prosser (I9k2) demonstrated
16.
that low concentrations of acetylcholine increased the heart rate 
in Talorchestia, Bactrurus and Asellus. Hllghes (1955) observed an 
increase in anplitude and rate of the ventricles of to& arenaria at 
lower concentrations of acetylcholine. McDowoll (I9k6) showed that 
small quantities of acetylcholine stimulated the unatropinised and 
larger quantities stimulated the atropinised cat hearts. Hoffman, 
Hoffman, Middleton and Talesnik (I9k5) also demonstrated the stimulant 
action of large quantities of acetylcholine on atropinised mammalian 
hearts. They showed that the effect of larger quantities of acetyl- 
-choline was due to a nicotine-like effect on the ganglia and chrom- 
-affin tissue present in the heart leading to a release of adrenaline. 
Burn (1956) has discussed the excitatory effect of acetylcholine in 
rabbit auricles and on ciliary movements.
Marshall and Vaughan Williams (1955) have demonstrated the 
stimulating action of acejbylcholine in a different way. These workers 
observed that cooling of the isolated rabbit auricles to 20®C stopped 
the mechanical and electrical activity except small localised potent- 
-ial swings presumably at the pacemaker. Addition of small quantities 
of acetylcholine to the bath restored the conducted action potential 
and the associated mechanical activity. Sometimes a concentration as 
low as 10  ^g/ml was found effective for this purpose. Webb (1950) 
observed a different type of stimulation (called ’post-wash stiraulat- 
-ion ’ ) on washing out acetylcholine from the organ bath in isolated 
rabbit auricles using acetylcholine in a concentration of 10*^ g/ml.
17.
On the basis of the stimulating effects of small quantities of 
acetylcholine and other evidences Burn (1956) has proposed the 
possibility that an acetylcholine synthesis-destruction cycle may be 
responsible for the origin and maintenance of heart beat.
Mechanism of Action of Acetylcholine on Heart:
Acetylcholine and vagal stimulation increased the resting 
potential and decreased the action potential (Gilson, 1932). 
Acetylcholine slows the conduction rate (Dale and Mines, 1913j Wedd 
and Blair, 19k5). Acetylcholine shortens action potential and excit- 
-ation time (Bogue and Mendez, 1930) and decreases the refractory 
period (Gilson, 1932; Wedd and Blair, 19k5). It has been considered 
highly probable that acetylcholine produces some change in the elect- 
-rical properties of the membrane of the cells (Gaskell, 1887; 
Einthoven, 1908; Bogue and Mendez, 1930; Gilson, 1932, and many 
others). Acetylcholine is known to be a depolarising agent. Webb 
(1950) has discussed the possibilities whether acetylcholine exerts 
a direct depolarising action or it acts on the process of repolaris- 
-aticn. He also discussed the possibility of dependence of acetyl- 
-choline action on metabolic process involved in the cardiac activity 
A reduction in oxygen consumption during vagus stimulation and during 
acetylcholine action has been observed (Garrey and Boykin, 193k).
Relationship between Dose and Response to Acetylcholine:
Clark (1926) calculated the amount of acetylcholine entering 
the cells and concluded that there was no relationship between the
18.
amount of drug entering the cells and the intensity of inhibitory 
response. Straub (190?) maintained that the action of a drug depend- 
-ed on the difference of concentration outside and inside the cells.
He stated that as muscarine gradually entered the cells and accumulated 
inside the cells its action on the heart diminished. The intensity of 
action of choline compounds was found to be inversely proportional 
to the rate at which they diffused into living tissue. (Wertheimer 
and Faffrath, 1925). These authors noted that acetylcholine had 1000 
times as intense action as choline on isolated gut of guinea-pig but 
choline diffused through frog skin 1000 times more rapidly than acetyl- 
-c ho line. A development of tolerance to the same dose of acetylcholine 
has been reported in isolated rabbit auricles (Webb, 1950). Vagal 
action was also found to be decreased during depression due to previous 
stimulation of vagus (Gilson, 1932).
Maintenance of Strength of Acetylcholine Solutions;
It is a general belief that acetylcholine solutions deteriorate 
rapidly in alkaline medium. Dale (19lk) observed a slow hydrolysis 
of acetylcholine in Ringer’s solution at room temperature after some 
hours. Clark (1926) stated that there was a ’fair decouposition’ 
of dilute solutions of acetylcholine. Since these observations a 
majority of workers have used freshly pr^ared acetylcholine solutions 
and failure to demonstrate the effect of acetylcholine is often attrib- 
-uted to the high alkalinity of the solutions leading to a rapid 
deterioration of acetylcholine.
19.
ADRENAMNË AMD NCRADREMAI.DŒ.
The sensitivity to catechol amines has been investigated on 
several biological preparations to find out one suitable for assaying 
small amounts of these substances in tissue fluids.
The blood pressure of spinal cats can be affected by adrenaline
-3and noradrenaline in doses of about 10 g. The blood pressure of 
anaesthetised rats is the most sensitive (Crawford and Outschoom, 
1951). The isolated uterus of the rat has been used for assay and 
is as sensitive as rats’ blood pressure to adrenaline but relatively 
insensitive to noradrenaline. The colon of the rat is sensitive 
both to adrenaline and noradrenaline (Gaddum and Lembeck, I9U9, 
Gaddum, 1950). The duodenum of the rabbit has also been used for 
the assay of catechol amines (Burn, Finney and Goodwin, 1950). The 
caecum of the chicken is quite sensitive to adrenaline and 
noradrenaline (Euler, 1956). West (19^3) used isolated frog heart 
for as'^aying small quantities of adrenaline up to a dilution of
__Q10  ^g/ml. He found that 30^ of the activity of adrenaline solutions 
was lost 5 minutes after preparationt West (19^7) also compared the 
sensitivity of frog hearts to adrenaline and noradrenaline and 
found that adrenaline was 8 times more effective. The hearts of 
’winter frogs’ were more sensitive both to adrenaline and to 
noradrenaline than the hearts of ’sLLmmer frogs’. Cocaine and 
ephedrine slightly sensitised the frog hearts to the action of 
adrenaline.
20.
5-HYDROXYTRYPTAMINE.
The vascular response of isolated ear of rabbit was found 
to be sensitive to $-hydroxytryptamine (Page, 19k2). Sheep carotid 
artery rings (Reid and Rand, 1952) and chicks’ amnion (Ferguson,19k?) 
are other preparations sensitive to 5*hyd3:*oxytryptamine.
Isolated colon of rat (Dalg^sh, Toh and Work, 1953; Feldberg 
and Toh, 1953) and isolated uterus of rat (Amin, Crawford and Gaddum, 
195k) are sensitive to 5-hydroxytryptamine in a concentration of 
10 g/ml. Recently the fundal strips of rats’ stomach have been
reported to be sensitive to 5"bydx*oxy tryptamine around similar cone en-
-trations (Vane, 1957).
Hearts of several marine invertebrates have been found to be 
sensitive to 5-hydroxytryptamine which stimulates them (Erspamer 
and Boretti, 1951). The heart of Venus mercenaria responds by an
increase in the rate and amplitude (Welsh, 1953) and has been used
for assay of small quantities of 5-bydroxytryptamine (Twarog and 
Page, 1953) in concentrations around 10* g/ml. Welsh (1953) tested 
other marine invertebrates and showed that the isolated hearts of 
Cyprina islandica was sensitive to 5-hydroxytryptamine to the same 
degree,giving a graded excitatory response with increasing coneen- 
-trations. lyseigic acid diethylamide antagonised this action.
Isolated hearts of Spisula solida (Gaddum and Paasonen, 1955) Anodonta, 
Cygnea, and many other molluscs, snails and mussels are sensitive to 
5-hydroxytryptaraine in concentrations around 10* g/ml. The actions
of 5“hydroxytryptamine (serotonin) have been reviewed recently (page,
1958),
21.
SUPERSENSITIVITÏ OF DENERVATED STRUCTURES.
The problem of si:persensitivity of denervated structures has 
been of great interest since the publication of the monograph by 
Cannon and Rosenblueth (19U9) on this subject. Rosenbleuth (1932) 
found that the denervated nictitating membrane of cat was supersensi- 
-tive to substances as different as acetylcholine, pilocarpine, 
eserine, and histamine. Bacq and Rosenblueth (193U) found that it 
was also supersensitive to calcium and potassium salts. Later Bacq 
and Fredericq (1935) showed that the nictitating membrane had both 
cholinergic and adrenergic innervation*
The iris of catjs eye becomes more sensitive to acetylcholine 
after the removal of ciliary ganglion. Schofield (1952) found that 
the supersensitivity was associated with a fall in cholinesterase 
in the iris.
Ricker and Wescoe (19Ü9) observed that injections of DFP 
(difluorophosphate) made the sub-maxillary gland more sensitive 
to acetylcholine and the amount of cholinesterase also fell* Similar 
observations have been made by Stromblad (1955) in the case of 
parotid gland after section of pre-and post-ganglionic fibres.
Spinks (1952) has shown that thyroid feeding decreases the 
amount of amine oxidase in the blood vessels and thus increased the 
pressure response to epinephrine. Bum and Robinson (1953) found a 
decrease in amine oxidase associated with supersensitivity of cats * 
nictitating membrane to epinephrine. They observed a correlation
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between decrease in amine oxidase and degree of supersensitivily. 
However,the degree of amine oxidase inhibition by different drugs 
and potentiation of epinephrine response do not correlate* Bum 
and Philpot (1953) did not find a fall in amine oxidase in the 
dilator pi^jillae after denervation of superior cervical ganglion 
in cat.
Emmelin (1952) showed that removal of superior cervical 
ganglion sensitised the gland to the action of epinephrine. Division 
of chordatympani also leads to increased sensitivity to epinephrine. 
Emmelin and Mur en (1952) also found that if the gland is maintained 
in activity after the division of chorda-tyrapani by injections of 
pilocarpine, epinephrine or carba^ol, siçersensitivity to epinephrine 
did not develop. Stromblad (1955) showed a fall in cholinesterase 
in sub-maxillaiy gland after divisions of chorda-tympani. He also 
noticed that increased sensitivity of the gland to epinephrine and 
fall in cholinesterase both could be prevented by injections of 
pilocarpine. Burn and Robinson (1953) have observed a correlation 
between the fall in the amine oxidase concentration in the nictitating 
membrane and increased sensitivity to norepinephrine.
The above work suggests that s^ersensitivity to neurohormones 
is related to the amount of inactivating enzymes present in the
tissues. However, there are many exceptions where such a correlation 
does not exist* It is possible that the amount of neurohormones 
present in the tissue rather than the concentration of enzymes which
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are responsible for their destruction, may be of more importance. 
Ruegg (1955) has observed that the effect of epinephrine and nor­
epinephrine on the radial muscle of iris of the rabbit is potent- 
-iated by very small amount of acetylcholine, and also by eserine 
and neostigmine. A potentiation of response to acetylcholine by 
adrenaline on different tissues has been reported as reviewed 
earlier.
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EQUIPMENT.
The block diagram of the equipment is given in Fig.l.
Photographs showing front and side views of the main operational 
parts of the equipment, presenting details of the perfusion system 
are given in Fig. 2 and 3 respectively. The various parts of the 
equipment are described below.
Perfusion System*
Six Perfusion Reservoirs:
1. A large glass reservoir (Flg.2,R) or 
. A Mariotte bottle (Fig.3,b) of about l500 ml. capacity 
from which the heart could be perfused for long periods 
especially over night.
. 2 , Five horizontally-placed specially designed 'burettes' 
each of 100 ml capacity (Fig.3,B)
Above each of these reservoirs and burettes was a 
separate press button (Fig.2,P) which electrically moved a 
marker pen (Fig.U) to an appropriate position on the recording 
papery showing the commencement and end of perfusion from any 
reservoir or burette. A green light (Fig* 2,G) above each button 
also kept the operator constantly informed as to which burette 
was in use and whether the marker had been moved to the approp- 
-riate position* The Mariotte bottle and burettes were mounted 
on a common carriage which could be moved up and down by an
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electric motor (Fig.2,m) to change simultaneously the level of 
all the burettes. The levels of different burettes and 
reservoirs could be adjusted in relation to each other by 
separate mechanical arrangements (Flg.3,Sc). The perfusion 
pressure (venous pressure), therefore, could be adjusted in 
any of these reservoirs to any desired value or could be kept 
constant at a particular value. The large capacity of the 
reservoir and the horizontal position of the burettes avoided 
significant changes in the venous pressure over a period of 
several minutes and frequent adjustments were not needed. It 
was desirable not to adjust the venous pressure during a 
critical perfusion and these arrangements obviated the need for 
such readjustments*
Six Standpipes:
Each of these reservoirs and burettes was connected to 
one of the 6 standpipes (Fig, 2,S) by a flexible connecting 
tube (standpipe-connecting-tube). The reservoir and Mariotte 
bottle were connected together to one standpipe with the help 
of a T tube. Each standpipe was in turn connected by a short 
flexible tube (transducer-connecting-tube. Fig, l) to the 
common perfusion chamber (Fig, 1) incorporated in the venous 
pressure transducer (Fig.3,t). Each standpipe had a separate 
exit (Fig, 1) for draining out the perfusing fluid. An artery
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clip was placed on each of the six transducer-connecting-tubes.
To perfuse the heart from a particular burette the clip was 
removed from the transducer-connecting-tube in front of the 
corresponding standpipe•
Connecting Tubing:
'Portex Crystal Vinyl* P.V.C. (Portland Plastics Ltd.) 
was initially used as standpipe-connecting-tubing. Manufacture 
of this material was later discontinued and 'Waterclear* P.V.C. 
(Esco Rubber Ltd.) was substituted. A sanple of silicone 
tubing supplied by Esco Rubber Ltd. in 1956 was used as 
' transducer-connecting-tubing. This was often responsible for 
unsatisfactory controls and was replaced by silicone *DSR-55l* 
(Dunlop Rubber Co. Ltd.). The reasons for selecting 'Waterclear* 
P.V.C. and *DSR-55l* silicone are discussed in Part U .
Venous Pressure Recorder
This comprised a transducer (pressure sensing head), associated 
electronic equipment and a pen recorder which gave a continuous 
record of the venous pressure on the paper* A monitoring meter, calib- 
-rated to read the venous pressure in mm of water, was also provided 
(Fig.2,M). The movements of the needle of this meter with changes in 
venous pressure with each heart beat indicated a free flow of fluid 
into the heart. Changes in the venous pressure of a fraction of a 
mm of water could be appreciated and corrected, thus enabling the
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venous pressure to be kept constant throughout the experiment.
It should be noted here that both the amplitude and rate of heart 
beat are profoundly influenced by changes in intra-luminal 
pressure in isolated hearts (Pathak, 1957, 1958, a,b). Therefore,the 
three other recorded parameters of cardiac activity, i.e. the heart 
rate, the arterial pressure, and the cardiac output were all influen- 
-ced by changes in venous pressure and special care had to be exercis- 
-ed in designing and developing the recording of venous pressure and to 
minimise the variations in the venous pressure. During the change 
over of perfusion from one reservoir to the other insignificant variat- 
-ions in the venous pressure were liable to occur but they could be 
promptly adjusted so that there was no alteration in the activity of 
the heart and the stability of record during the change over.
Perfusion Cannulae and Fluid Transit:
The perfusion fluid from the transducer chamber entered the 
heart through a glass cannula introduced into the inferior vena cava 
and came out through two glass cannulae, one in each aorta (Fig.9).
The aortic cannulae were connected by flexible silicone tubing to a 
mercury manometer. The escaping fluid passed through one of the 
several artificial resistances made of drawn glass capillary tubes, 
into a common outlet chamber^ finally passing out drop by drop through 
a narrow glass cannula (Fig. 1 and Fig.3,r).
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Cardiac Output Recorder;
The drops escaping from the exit cannula of the common outlet 
chamber at the bottom of the resistance unit fell between two metal 
plates (Fig. 1 and Fig. 3,d) short-circuiting them and producing an 
electrical inpulse each time a drop fell* These inpulseswere counted, 
integrated and fed into the output pen recorder which was calibrated 
to record the output in ml/min as a continuous line.
Arterial Pressure and Heart Rate Recorder:
Changes in the height of the column of mercury in the manometer 
(Pig. 2,Hg) with each heart beat altered the capacitance between the 
mercury and a brass plate (Fig. 1). The change in the capacitance 
was measured by the Fielden Proximity meter (Fig* 5) which fed the 
arterial pressure (blood pressure) recorder as well as a heart rate 
integrator, which in turn fed the heart rate pen recorder. The blood 
pressure recorder gave a continuous record of the pulse pressure as 
well as the systolic and diastolic pressures. The heart rate was 
counted and recorded as a continuous line. To provide an audible 
indication of each heart beat a loud speaker was connected in the 
circuit of the heart rate recorder.
Fig.l* is a photograph of the pen recorders and of the actual 
record on the chart papers. Fig.5 is a photograph of the electronic 
equipment associated with the pen recorders.
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Parts of this equipment were described in the Journal of 
Physiology (Boyd and Eadie, 1957,a,b). Further inç)rovements have 
been added to the equipment. The mains sipply has been stabilised so 
that fluctuations in the mains voltage do not interfere with the 
working of the equipment and the pen recorders have also been modified 
to minimise pen to paper friction. Coitçlete electronic details of 
the equipment have been published in J. Brit. Institution of Radio 
Engineers (Boyd and Eadie, 1961).
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CLEANING AND STERILIZATION OF GLASSWARE AND TUBING.
All glassware and connecting tubing were thoroughly cleaned 
and sterilised each time before use. The sterilised apparatus was 
stored in sealed nylon bags which were opened just before use. The 
'Calgon Method* was usually eirç)loyed for the cleaning of glassware 
and connecting tubing. In a few experiments described in Part II of 
the thesis a * Bicarbonate Method* of cleaning the tubing, as recomm- 
-ended by one of the manufacturers (Esco Rubber Ltd.) was also enqployed 
to compare the two methods of cleaning. Both these methods are 
described below.
Calgon Method. (Hanks, 1952; modified in the present work)
Reagents :
1. Calgon mixture
Calcium metaphosphate Uo g. (Calgon^ siç)plied byAlbright and Wilson Ltd., Birmingham.)Sodium meta silicate 360 g.
Distilled Water 1*.5 litres
Filter, dilute 1 : 100 before use.
2. Concentrated hydrochloric acid
Dilute 1 : 100 before use
3. Soft potassium soap solution 1 to 2%
Procedure:
1. Rinse all glassware and connecting tubing thoroughly with tap water
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2. Wash with soap solution and later with tap water.
3. Soak in a glass tank containing the diluted calgon mixture for at least 12 hours
1*. Wash with distilled water.
5. Fill with and soak in 1 ; 100 hydrochloric acid in a glass tank for 2 hours.
6. Wash thoroughly with distilled water. Fill with distilled water and leave in a glass tank containing distilled water for 1 hour.
7. Check pH of the distilled water of the tank with an indicator paper. If acid is present repeat steps6 and 7.
Bicarbonate Method.
1. Rinse the tubing thoroughly with distilled water.
2. Boil for 30 minutes in 1^ sodium bicarbonate solution and cool.
3. Wash with distilled water.
U. Soak in 1^ hydrochloric acid for 2 hours.
5. Rinse with tap water.
6. Rinse in three changes of distilled water and dry.
Sterilization.
1. Put the cleaned apparatus in drying oven for 2 hours at 120*0.
2. Put into bags of autoclave nylon layflat tubing and seal with adhesive tape (both siç)plied by Portland Plastics Ltd.) and then put into oven for 2 hours at 150*C
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A small beaker filled with distilled water is placed 
inside the even to preserve tubing from becoming 
cracked or brittle.
The cleaning and sterilizaticn of equipment was conducted 
in a separate room. Fig. 6 is a photograph of a set of cleaning 
tanks. The cleaning methods described above were developed by 
Dr. I,A. Eoyd, and carried out by Miss J, Campbell and Miss 
A. Kirkland.
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PREPARATION OF SOLUTIONS.
The preparation of Ringer *s solution and the test solutions 
of acetylcholine and other substances was carried out in a separate 
room.
Ringer's Solution:
Stock solutions:Sodium chloride 7.0% (1.2M) (isotonic x 10)
Potassium chloride 0.89% (0.12M) (isotonic)
Sodium bicarbonate 1,00% (0.12M) (isotonic)
Calcium chloride (6.HgO) 1.88% (0,036m ) (isotonic)
Sodium di-hydrogen 
phosphate
1.0% (0.08m ) (not isotonic)
These stock solutions were prepared from 'Analar* reagents supplied 
by British Drug Houses Ltd. The Ringer's solution was prepared from 
the stock solutions in the following way:
Take NaCl
Add KOI 
Add NaHCO^
Add CaCl^ 6HgO 
Add NaHgPO^
Add Glucose
solution kOO ml
solution iLo ml 
solution 160 ml 
solution 80 ml 
solution lli ml 
solid U g - shake
- make up to 1*000 ml with double distilled water.
- shake
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The final concentration of different ingredients was:
NaCl 109.0 mM
KOI 3.8 mM
CaClg.ôHgO 1 .5 mM
NaHGOj U.3 mM
NaHgPO^ 0.26 mM
Glucose 5.0 mM
Ringer's solution of this composition was used unless otherwise stated.
The double distilled water used in the preparation of Ringer's 
solution and test solutions was obtained from a special distilling 
unit in which the water was initially passed through a resin deioniser 
and then double-distilled in quartz glass. The use of a deioniser 
alone did not give satisfactory results. A photograph of the 
distilling unit is shown in Fig* 7,
Test Solutions;
The solutions of acetylcholine and other test substances were 
prepared in the Ringer's solution* Part of the Ringer's solution was 
used for preparing the test solutions and the rest was used for continuous 
perfusion and for controls. The ionic composition of the perfusing 
solution and control solution was,therefore,identical with the ionic 
composition of the test solutions. The test solutions, of course, 
contained minute quantities of acetylcholine or other test substances 
in addition.
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Glassware of identical material and make (Pyrex) was used in 
order to avoid the possibility of any influence of the material of 
glass on the solutions during preparation and storage. All glassware 
(i.e. flasks, pipettes, beakers, cylinders, syringes) was cDean and 
sterile (see p. 31), the seals of the nylon packages being broken 
just before use. The flasks had interchangeable Quickfit glass 
stoppers.
The wooden racks for holding the flasks had several rows of 
circular grooves, one behind the other. The front row was permanently 
labelled showing increasing concentrations from right to left, the 
extreme right position being allotted for the flask containing the 
•control solution'. For labelling the flasks, printed labels bearing 
the concentration and name of a series of solutions (e.g. series a, b 
or c, etc.) were obtained. Each label was provided with a loop of 
wire to hang it round the neck of the flask.
IVhen preparing a series of solutions, the flasks (each of ICC ml 
capacity) bearing • labels were arranged in the front row in appropriate 
positions so that the concentration marked on a flask corresponded with 
the concentration marked on its groove on the rack. Flasks for the 
preparation of additiona] series, when needed, were similarly arranged 
in the back rows. For the transfer of solutions the fluid was sucked 
into the pipette up to the required mark and allowed to fall by gravity, 
the pipette tip being kept clear of the surface of the solution and the 
sides of the flask. A pipette was used only for one transfer and was 
then rejected for recleaning and sterilization. Each experiment
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involved the use of a large number of ole:a sterile flasks and 
pipettes. f/\/hen several series of acetylcholine were tested or 
when several substances were tested in the same heart, more than 
5C flasks and pipettes were required.
Acetylcholine series
Acetylcholine chloride powder was obtained in sealed ampoules of 
ICC mg or 2CC mg from Roche Products Ltd. An ampoule of sterile 
distilled water accompanied each ampoule of solid. A small error 
in the weight of the solid was possible. Reweighing of the solid 
was not feasible due to the extreme hygroscopic nature of the 
powder. The manufacturer stated that routine analytical check of 
samples from a batch showed a tolerance limit of - 5^. This was 
rechecked by weighing the ampoules, filing them into two parts, 
dissolving and rejecting the contents, drying and reweighing the 
glass pieces. The weight of solid in two ICC mg ampoules was, in 
fact, 1C3 mg and 1C5 mg, while that in three 2C0 mg ampoules was 
189 mg, 20U mg, 2C5 mg. On this basis a difference of up to IC^ 
between corresponding concentrations of different series obtained 
from separate ampoules is to be expected.
The ampoule of acetylcholine chloride containing ICC mg and its 
accompanying ampoule of distilled water were opened and using an 
insulin syringe 2 ml of distilled water was withdrawn and injected 
into the ampoule containing the powder. Mien the powder had dissolved, 
the solution was sucked back into the syringe and was transferred to the 
flask marked 1C"“^  g/ml and the volume was made up to ICC ml with
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Ringer's solution. The other concentrations were obtained from this 
concentration by appropriate dilution. For reasons to be considered 
later two different t y^es of series covering various concentrations 
of acetylc^'^oline were used.
1. Series of solutions covering a wide range of concentrations i.e. 
from to g/ml in steps of 1 in ICO dilution to determine
the minimum effective concentration of acetylcholine*
he arrangement of flasks and the procedure of dilution is
illustrated in Fig. 3. From flask 1 containing 10 g/ml one
millilitre was pipetted into flask 2 and the volume was made up to
-5 yICC ml with ^inger's solution giving 10 ' g/ml. Using this procedure 
of diluting in steps of 1 in i.CC, the other concentrations were
-3similarly prepared, A routine series covered the range from 10 
to ■'C g/ml (fig. SA, left).
-i5If a particular heart showed a pronounced effect with 1C , still
l.Gwer concentrations were obtained by similar steps of 1 in ICC 
dilutions from the 1C '" g/ml flask (fig. 8A, right). Further, two 
or more additional series were prepared from different ampoules of 
solid acetylcholine to compare the effect of corresponding cor^ce^trations 
and to confirm that the effect of a civen concentration was genuine.
2. Series of solutions covering a narrow range of concentrations
-1C /I.e. from 10 " to 1C g/ml in small steps of dilution for studying 
c one entrciti on-response relationship and rate of hydrolysis of 
acetylcholine.
The dilution, procedure is illustrated in Fig. 35. The
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concentration of 1C g/ml was prepared in flask 1 by dissolving 
100 mg or 2C0 mg of acetylcholine chloride in ICC ml or 200 ml of 
Ringer's solution, respectively, as described above. From this
1C  ^was prepared in flask 3 by the step of 1 in ICC dilution.
' -6 -7 -SFrom 1C , the lower concentrations i.e. 1C ,10 , 1C etc.
were prepared by steps of 1 in 1C dilution in flasks with odd 
nuLTibers in the diagram.. The strength of 5 x 1C " g/ml was
__ oprepared in flask 2 by pipetting 5 ml of 10 g/ml and making ip
the volume to ICO ml with Ringer's solution. From this strength
-7the other lower concentrations 5 x 10 , 5 x 3C etc. were
prepared by steps of 1 in 1C dilution in flasks with even numbers.
Further intermediate concentrations were prepared when required,
as indicated in the diagram for 1.5 x 10 2.5 x 10 3.5 x 1C ^
and 7.5 x 10 ^ g/ml.
All solutions in dilution procedure 2 were prepared by myself.
Assistance in the preparation of dilutions in procedure 1 was given by
Miss J. Campbell, who had many years' experience of preparing solutions
of substances at high dilution under sterile conditions. IVhere several
series of acetylcholine were tested at great dilution on the same heart,
separate series were often prepared by different operators on p'lrpose.
#0.
other Test Solutions I
Adrenaline: was supplied by B.D.H, in sealed ampoulesof 1 ml of 1 in 1000 concentration.
Noradrenaline bitattrate : was obtained from BayerProducts Ltd. in sealed ampoules of 2 ml of 1 in 1000 concentration.
5-Rsrdroxytryptamine; was obtained from Roche Products Ltd, in a powder form as Serotonin-creatinine- -sulphate.
Nicotine: Uo^ solution was supplied by T.and H. SmithLtd. Glasgow.
Serial dilutions of these substances in Ringer's solution 
were prepared in the same way as described above for acetyl- 
-choline solutions.
FROGS.
The Rana temporària species of frog was used. They were stored 
in a pond. A record was kept of the source and batch number. Weighing 
of frogs was not routine but weights were recorded before and after 
injections of female sex hormones. These injected frogs were kept in 
tap water in a sink covered with wire gauze. Each injected frog had 
an identity number.
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EXPERIMENTAL PROCEDURE,
Dissection and Setting %  of Experiments
The frog was stunned and decapitated and the spinal cord was 
destroyed. The animal was then pinned on a frog board. The abdominal 
wall was incised and the thorax was opened avoiding the pericardium.
A flap of the abdominal and chest wall was freely excised so as to 
expose the heart. The portal veins were tied. The venous cannula 
attached to the venous pressure transducer, was introduced into the 
inferior vena cava and a ligature was tied round the cannula. The 
Ringer's solution was allowed to run into the heart from the reservoir 
at a pressure of about 10 to 12 ram of water. The aortae were cannul- 
-ated and one of the aortic cannulae was connected by a flexible tube 
to the mercury manometer. The perfusion system was cleared of air 
bubbles. Fluid from the manometer and from the other aortic cannula 
ultimately passed through a common resistance suitable for a particular 
heart. The blood pressure was kept between 10 to 30 mm of Hg (Boyd and 
Mackay, 1957) Boyd and Eadie, 1958) by suitably adjusting the venous 
pressure and selecting an appropriate resistance. The optimum venous 
pressure and resistance required varied from frog to frog. Fig. 9 is 
a photograph of the heart in position.
Calibration of Equipment.
The equipment was switched on h hours before the start of experi- 
-ment to allow for electronic stabilisation. The venous pressure was
calibrated in mm of water using a vertical scale on one of the
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standpipes. The heart rate was calibrated by counting the rate over 
a period of one minute. Two ranges were provided 0-50 and 0-100 
beats/min. The chart is printed 0-50. Since in most of the experiments 
O-lOO/min range was used the actual rate was twice that shown on the 
chart. The scale on the photographs to be presented in this thesis has 
been doubled so as to indicate the original rate. The blood pressure 
monitoring meter and pen recorder were calibrated directly in mm of 
Hg in accordance with the movement of the mercury in the manometer.
The cardiac output over a period of 2 minutes was collected in a 
10 ml graduated cylinder and the pen recorder was calibrated to write 
the actual output in ml, per min.
Controls.
The perfusion was started from the main reservoir which was 
indicated on the chart by the baseline position of the marker. Record- 
-ing was switched on and the heart was allowed to settle until a 
stable record was obtained for 10 to 15 minutes. One of the burettes 
was then filled with control Ringer's solution which was the same 
Ringer's solution as in the reservoir except that it had been standing 
beside the test solutions of acetylcholine for some time at a different 
place than the reservoir. A small amount of fluid was drained out 
through the standpipe exit so as to remove any possible contamination 
in the connecting tubing and the stagnant fluid in the standpipe. The 
clip from the transducer-connecting-tube of the corresponding standpipe 
was taken off and placed on the transducer-connecting-tube of the
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reservoir so that the fluid from the burette now perfused the heart.
At the same time the appropriate button for the marker was pressed so 
that the marker moved to the position of this burette on the chart.
The heart was perfused from this burette for 2 minutes at the end of 
which the perfusion was changed back to the reservoir by reversing the 
position of the clip and at the same time pressing the button for the 
reservoir to move the marker back to the baseline. The change over of 
perfusion from the reservoir to the burette and back to the reservoir 
involved a minimum disturbance of the venous pressure and any unavoid- 
-able minor change could at once be readjusted in a matter of a few 
seconds by suitably moving the burette or the reservoir carriage.
This, however, required considerable practice. If no appreciable 
change took place in the venous pressure and if the cleaning and ster- 
-ilisation of the burette and connecting tubing was satisfactory no 
change was observed in any of the recorded parameters during the period 
of perfusion with control Ringer's solution from the burette and also 
after changing back to the reservoir. This was accepted as a satisfac- 
-tory initial control. If the control was not satisfactory it was 
repeated. Continued failure to obtain a satisfactory control would 
imply air bubbles in the perfusion system, especially in the common 
perfusion chamber of the venous pressure transducer which could be 
opened and cleared. This was easily recognisable by the type of
change it produced in the record (see introduction to record). Unsatisfact- 
-cry controls could also indicate contamination of the burette or 
connecting tube in which case a fresh burette and tube were substituted.
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Mien several satisfactory controls had been obtained, the heart was 
alternately perfused with increasing ccncentraticnS of test solutions 
from the burette and Ringer's solution from the reservoir, each for 
a period of 2 minutes. Tliis was the us^ ual procedure.
In the case of acetylcholine, when a heart was found to be 
sensitive to a low concentration two or more series of solutions of 
acetylcholine were prepared and the effects of the corresponding 
strengths of each series were compared by perfusing with increasing 
concentrations of each series of solutions of acetylcholine from a 
cc'cmcn burette or a separate bur#^tte was used for each series of 
solutions. An initial control was done from each of these burettes 
to show that they were free from contamination.
The following additional methods of control were also used.
1. Conducting perfusion with the control Ringer’s solution 
from a particular burette before using it for perfusion 
with an effective solution containing a low concentration 
of acetylcholine and repeating the perfusion with control 
Ringer’s solution from the same burette after having 
thoroughly washed out the acetylcholine solution. The 
effect of a low concentration of acetylcholine was thus 
'bracketed' in between two control perfusions with control 
Ringer’s solution from the same burette.
2. Using two burettes one for perfusing the heart with 
acetylcholine solution and another for control perfusions 
with control Ringer’s solution each time before and after 
the test perfusion with acetylcholine solution. The 
effect of the acetylcholine solution from one burette was 
thus ’bracketed’ in between two controls from a second 
burette to show that the perfusion system and the process 
of change-over of perfusion from the reservoir to the 
burette and back was not responsible for any change in the 
record. Both'burettes had^of course^been tested 
initially by conducting control perfusions from each.
3. Perfusing the heart with a certain effective strength of 
acetylcholine solution through several burettes after 
obtaining satisfactory controls from each of them.
These additional controls were only necessary when an effect 
was observed with acetylcholine solutions in a concentration of 
10 g/ml or a still lower concentration.
The temperature of the laboratory was stabilized with 
thermostatically regulated fans so as to minimise the difference 
in the temperature of the solutions standing at different places 
and also to provide a nearly constant temperature for the heart.
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ADMINISTTblTION OF TEST SOLUTIONS.
The heart was continuoiisly perfused from the reservoir except 
during control and test perfusions which were conducted from a 
different scurce. All test solutions were prepared in Ringer’s 
solution and were administered by perfusion. The heart was constantly 
nourished in identical ionic and nutritional environment throughout 
the period of perfusion. The heart was not subjected to any mechanical 
disturbance^ like that involved in the washing of the isolated organ 
bath or renewal of fluid of the bath. No unnoticed or unrecorded 
disturbances in the venous pressure were possible. Such disturbances 
always occur during addition of the test solution to the perfusion 
cannulae when Syme’s type of perfusion cannula is used or when 
test solutions are directly injected into flexible tubing.
Since the capacity of the common perfusion chamber of the 
venous pressure transducer (0,5 ml approx.) was less than the usual 
cardiac output (1,5 to 2,0 ml/min.) the chamber and the heart could be 
flushed completely at least twice in a two minute perfusion with normal 
Ringer’s solution from the reservoir. Hence the activity of the heart 
and the levels of recorded parameters were quickly restored within about 
two minutes after the end of perfusion with the test solution, unless 
the test solution contained some substance in a high concentration, the 
effect of which took lender to pass off. The dilute test solutions, 
therefore, could be administered in rapid succession after ever^ ^
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L to 6 minutes and a two minute perfusion period for the test 
solutions was enough to show any effect. Longer periods of interval 
between two doses did not change the response to an effective 
concentration significantly. Initial trials also indicated that 
perfusions with ineffective solutions for a longer period than two 
minutes did not make them effective. It was also essential to have a 
standard time period of exposure of the heart to different concentrations 
so as to keep uniformity of dose. The test solutions, therefore, were 
administered for a period of two minutes as a routine. If a weak 
solution gave a doubtful effect then the perfusion period with that 
particular solution was prolonged for U to 6 minutes to see if it 
gave a definite effect after a longer time. This in fact meant the 
administration of a larger total dose in the same concentration. The 
relevant control perfusions were also prolonged to the same extent. The 
two minute period of perfusion with test solution was also reduced in 
some cases in order to observe the relative effect of several 
concentrations in rapid succession if the heart was powerfully 
inhibited at a very low concentration. This also made it possible to 
record the effect of several concentrations in a short length of the 
recording paper to enable photographic reproduction of a continuous 
extract. In these cases it was already ascertained from previous 
trials which concentrations were likely to be effective in a 
particular heart and whether recovery was likely to be prolonged. 
Reference will be made in connection with the individual records 
where the routine procedure was altered in any for any reason.
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It may be mentioned here that the same burette was used only for 
testing increasing concentrations of the same substance. No burette 
was ever used for testing a concentration lower than the one which 
had already been tested from it. Different test substances were 
normally perfused from separate burettes. Occasionally, however, 
direct comparisons of similar concentrations of different substances 
were made on purpose from the same burette after initial tests from 
separate burettes.
SPECIAL PROCEDURES.
Alterations in the Composition of Ringer’s Solution.
The stock solutions of the salts forming the Ringer’s solution
were all in isotonic or 10 x isotonic strength (except NaH2P0^). The
concentration of any ion, therefore, could be easily altered siimply
by changing the volume of the stock solution added to prepare the
Ringer’s solution. Thus modified Ringer’s solution containing high
Ca^ , low Ca^*, low Na^, low K^, high Ca^ "*" plus low and low Na"*" 
plus low K concentrations, were prepared. Na^ was replaced by
osmotically equivalent amounts of sucrose to obtain low Na"^
concentrations. The actual degree of alteration in the concentration
of different ingredients is given alon^ with the results.
Administration of Female Sex Hormones.
Cestradlol and progesterone were obtained from Organon Ltd. 
Suspensions of these steroids in Ringer’s solution were injected in
the dorsal lyrph sac or Intraperitonially over a period of 3 to U 
consecutive days in daily divided doses. The total dose of 
oestradiol ranged from C«005 mg to l5 mg and of progesterone from
1.5 mg to 5.0 mg. Oestradiol and progesterone were also injected 
simultaneously in a few frogs. Some of the details of these 
injections are given in the results. The injected frogs (of either 
sex) were weirhed before and after treatment with female sex hormones 
and were subsequently used for perfusion experiments to determine 
the effect of female sex hormones on the sensitivity of their hearts 
to acetylcholine and other substances. Control experiments were 
also conducted simultaneously on the hearts of uninjected frogs.
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GENERAL CONT-'ENTS ON THE PROTOCOL 0? EX:PT=PfMEtTTS.
The technique of setting up of an experiment, the calibration 
of equipment, the special precautions a n d -the methods of control 
have been described in the preceding pages. General comments on the 
protocol, programme of experiments and difficulties encountered in 
obtaining stable records are being mentioned here•
The first half of each week was occ^upied by the process of 
cleaning and sterilisation of all glassware, connecting tubing and 
ether apparatus which came in contact with the perfusion fluid or the 
test solutions. The second half of each week was occupied by the 
actual experiment, V/ork was continued through the night ru'd weekends 
if the circumstances of the experiment in progress so warranted. In 
some experiments more than one test substance was administered.
Tests with different substances, however, were carried out at 
separate times in the experiment.
The complexity of electronic equipment imposed some restrictions 
and dependence on technical assistance. Major breakdowns in the 
cquipment^however^were rare. Technical assistance was ready at hand. 
The equipment was calibrated on each occasion it was used. Once 
suitably calibrated, the equipment usually worked flawlessly.
The introduction of venous and aortic cannulae required 
corsiderable practice. The aortic cannulation was much easier than the 
carnuJation of the inferior vena cava. The venous cannula required
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to be introduced into the inferior vena cava was attached to the 
common perfusion chamber of the venous pressure transducer. The 
cannula, therefore, could not be moved. On opening the ventral body 
wall of the frog, the inferior vena cava was seen quite prominently 
but it soon collapsed to the thickness of a pin on further handling. 
The venous cannula had to be sufficiently thick so as to allow a 
free flow of fluid into the heart. The venous cannula, therefore, 
could be suitably introduced only by catching the cut margins of the 
vein and stretching them and at the same time pushing the venous 
pressure transducer by the chin in an appropriate direction and at a 
proper level. This procedure required considerable practice and 
occasionally a magnifying lens or a watchmaker's binocular was quite 
useful for this purpose. The resistance unit needed cleaning each 
time before use. The setting \ç) of each experiment and calibration 
of equipiçent on an average required 3 to U hours.
The individual experiments lasted from 8 to 72 hours, most of 
the experiments covering 12 to 36 hours. The main events of each 
experiment were recorded at the time of occu^nce in the protocol 
books. The following extract from a protocol book illustrates the 
routine of working. This heart showed a high degree of sensitivity 
to acetylcholine (minimum effective concentration 10*^^, see results 
for different degrees of sensitivity).
Date I 26-1-61 Approximate time
Male frog. IMinjectedEquipment switched on 9.0 a.m.
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Material for perfusion assembled 10.0 a.m*
Solutions prepared 11.30 a.m.
Dissection completed and inferior vena cava cannulated and perfusionstarted 12.30 p.m.
Lunch
Aortic cannulation completed.Resistance unit cleaned and allconnections made. 2.30 p.m.
Calibration of equipment completed 3.0 p.m.
Nine control perfusions conducted andtransducer opened and cleaned betweencontrol 5 and 6 to clear small airbubbles which were responsible forslightly unstable record. U.l5 p.m.
Leak detected and corrected in one of the connecting tubes. Suspectedbecause of low diastolic pressure U *30 p.m.
Two control perfusions repeated p.m.
Spontaneous changes in the heart rate.Heart allowed to settle. 5.15 p.m.
Two control perfusions conducted andacetylcholine series tested 6.15 p.m.
Control perfusions conducted andtest solutions from tubing tested. 7.15 p.m.
Perfusion changed to Mariotte bottle,pen switched off and heart left overnight 7.30 p.m.
Date: 27-1-61
Same heart left over night.Equipment switched on 8.0 a.m.
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All burettes and connecting tubing changed. Perfusion system checked. 
Venous pressure and resistance re-adjusted to suit the heart
Fresh test solutions of acetylcholine in yesterday's sample of Ringer's solution prepared.
Several control perfusions conducted and acetylcholine series tested.
Controls conducted and the same test solution from tubing after a longer duration of soaking tested.
Same series of acetylcholine tested
10.0 a.m.
10.30 a.m. 
12.15 p.m.
1.30 p.m. 
Lunch
3.U5 p.m.
Date:27—l-6l
Second heart, tfainjected. Continued
Female frofe. Same solutions.
Spontaneous irregularity in the rhythm of frog hearts was 
rather common and such hearts had to be left to settle with the 
perfusion 'on* at a constant venous pressure. The impulse formation 
is profoundly influenced by perfusion pressure (Pathak, 1958 a).
Test solutions were only administered when the heart had settled 
nicely on perfusion and a stable record had been obtained for 10 to 
15 minutes. If the heart did not settle in a few hours it was rejected 
and another heart was set up. Records of erratic and unstable hearts 
have been rejected. Sometimes the heart became erratic in the course
of the experiments after having initially settled to a regular
a .
rhythm. In such a case if the heart was found to be relatively 
sensitive (by some pilot trials of test solutions) and if the record 
was otherwise stable (except for a slight constant irregularity of 
beat) the experiment was continued to the end. Otherwise the heart 
was rejected.
Considerable time W  each experiment was occupied in conducting 
control perfusions. As a matter of fact the ratio between the number 
of controls and the number of trials with effective test solutions, 
on an average was 2 : 1 .  Sometimes the ratio was U : 1 especially in 
those hearts which were highly sensitive and where the effect of each 
concentration of acetylcholine was 'bracketed* in between several 
controls on either side to increase the accuracy and reliability 
of results.
The record of each heart is several feet long (average 20 feet). 
Photographs of extracts from these records are presented in the results. 
The actual size of original Figures is on an average 5 times the size 
of the photograph. Recording was continuous and . it :.was,therefore^possible 
to observe short term as well as long term changes in the activity 
of the heart.
From the above comments it is clear that one successful experi- 
-ment was the outcome of a considerable degree of perseverance and 
patience as there were several conditions which had to be satisfied 
before obtaining a good, stable and well controlled record. It took 
a considerable time to develop the special precautions and methods
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of control and to standardise the procedure. It has been the aim 
throughout this work to obtain a high degree of accuracy and reliab- 
-ility of results rather than to try to test a large number of hearts 
under uncontrolled or semi-controlled esqperiraental conditions as 
done by many previous workers. The equipment was sensitive. The 
development of the experimental procedure eliminated most of the 
sources of contamination* Each step in an experiment was well 
controlled. It is, therefore, no wonder that this type of work was 
time consuming, but the results have been sufficiently productive.
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DYNAMICS OF THE PREPAHiVTION
S om e  d et a i l s  of the d yn a m i c s  of f r o g  h e a r t  u nd er  the e x p e r i m e n t a l  
c o n d i t i o n s  of the p r e s e n t  p e r f u s i o n  s y s t e m  have b e e n  d e s c r i b e d  b y  B o y d  
a n d  Eadie (1957> 1958, I96I). In t h e  p r e s e n t  w o r k  an o p t i m u m  v enous 
p r e s s u r e  a n d  a s ui t a b l e  r e s i s t a n c e  w e r e  s e l ec te d  f o r  e ach h ea rt  so as 
to o b t a i n  a s ys to li c  p r e s s u r e  of 20 - L o  nsn of H g  (average f or  i n t ac t  
f r o g  h earts b e i n g  30 m m  Hg B oy d  and M a c k a y ,  195?) a nd  an output of
1 . 5  to 2 m l / m i n  (Boyd and Eadie, 1 958).
Usually the mercury manometer is considered to give an accurate 
value of mean pressure only, the pulse pressure given by the mercury 
manometer being much less than the true praise pressure due to the high 
inertia of the system. Resonance is also likely at heart rates which 
are simple multiples of the natural frequency of oscillation of the 
mercury column, with resultant exaggeration of the pulse pressure.
The diameter of the glass tubing was carefully selected (about 1mm) 
so that the resonance frequency of the mercury column was approximately 
iCO/min. Since the usual heart rate of frogs is 2C to beats / min, 
there could be no interference due to resonance. Moreover the volume 
displacement of the mercury and the distensibility of the rubber 
connecting tubing allowed accommodation of about half the stroke volume 
in the artificial arterial system. Under these conditions this mercury 
manometer was shown by direct comparison with an inductance transducer 
(National Electronic Products) to be giving about 9C^ of the true pulse 
pressure. Further, since the present work was concerned with changes
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in the pressure rather than its absolute value, the mercury manometer 
was adequate for the purpose. It also provided a continual visual check 
on the accuracy of the electronic recording system.
The influence of changes in one parameter on the other parameters 
can be considered under the following headings.
1, Venous Pressure. The effect of graded changes in venous pressure 
(with a constant resistance) on the dynamics of the preparation has 
been described (Boyd and Eadie, 1?57). Using isolated perfused frog 
hearts arid its individual chambers (Pathak, 1957 > 1958 a) and 
isolated mammalian hearts (Pathak, 1958 b) with the conventional method 
of perfusion, it was shown that the amplitude and the heart rate are both 
altered significantly on changing the intraluminal perfusion 
pressure. Both these parameters were shown to increase as the venous 
pressure increased, up to a certain value (called critical pressure) 
in frog hearts; a further increase in the venous pressure either produced 
no change or decreased the rate and amplitude. The value of the 
’critical pressure’ varied from heart to heart and could be 
different for amplitude and heart rate. Reducing the venous pressure 
in steps produced opposite effects. The majority of frog hearts showed 
optimum performance at a perfusion pressure of 2C to 25 mm H^O.
S i m i l a r  c o n c l u s i o n s  were r e a c h e d  i n d e p e n d e n t l y  b y  B oy d  and Eadie 
(1957) and h a v e  b e e n  c o n f i r m e d  d u r i n g  the p r e s e n t  w or k,  Boy d  and 
Eadie c o n s i d e r e d  t h a t  the i n f l u e n c e  o f  v enous p r e s s u r e  was m o r e  m a r k e d  
on the a r t e r i a l  p r e s s u r e  and o u t p u t  than on the h e a r t  r a t e  and that 
the heart r at e  o f t e n  d e c r e a s e d  at h i g h  p r e s s u r e s .
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2, Resistance. Boyd and Eadie (1958, 1961) studied the influence of 
changes in artificial arterial resistance and observed that an increase 
in the resistance produced an increase in the mean arterial pressure 
and a decrease in the output and usually no change in the heart rate.
In the present work it was found that if the resistance was increased 
in very small steps from zero the output and heart rate might actually 
show a slight increase initially. At intermediate resistances the results 
were as given by Boyd and Eadie, while a change to a very high resistance 
sometimes produced a decrease in the heart rate.
The venous pressure and artificial resistance being constant, 
the cardiac activity remains fairly stable as shown by the stability 
of other recorded parameters, there being only a very slow progressive 
decline over a period of 2h hours.
3. Arterial pressure and output. The venous pressure and resistance 
being constant, two basic processes influence these parameters;
(a) change in the pacemaker activity (heart rate)
(b) change in the force of contraction of the cardiac muscle
The arterial pressure is determined by both these processes directly, 
while the outflow (from a constant resistance) depends on the mean 
arterial pressure and is equal to cardiac output in a state of equil­
ibrium, Therefore^the outflow has been called output. For the sake 
of description the influence of a primary change in the heart rate 
or force of contraction can be considered separately.
1. Change in heart rate. A decrease in the heart rate results in
(i) a longer diastolic pause which permits greater decay of
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arterial pressure due to outflow of fluid from the 
resistance and thus tends to lower the diastolic pressure,
(ii) a longer diastole also allows increased ventricular 
filling with a resultant increase in the force of 
contraction by Starling’s effect. This tends to increase 
the pulse pressure.
The usual result of the combination of these factors is that 
when the heart slows the diastolic pressure decreases while the 
systolic pressure may rise or stay constant depending on the 
magnitude of the increase in the force of contraction. If the 
mean pressure remains constant the outflow also remains constant.
If the mean pressure decreases, the outflow decreases, though the 
change may be too small to be seen on the reproduced output trace.
Conversely, increase in the heart rate if sufficient to raise 
the mean arterial pressure will increase the outflow.
2-. Change in the force of contraction.
The individual excursions on the arterial pressure trace show 
the pul.se pressure in each cardiac cycle. Vnen the force of con­
traction of the ventricle increases, the stroke volume is greater, 
and the systolic pressure increases. The diastolic pressure also 
rises but to a lesser extent, so that there is an increase both 
in puls« r-essure and '^lean arterial pressure. The increase in 
mean pressure is reflected in an increased outflow from the 
fixed resistance. When a state of equilibrium is reached 
t>is outflow, of course, is equal to the cardiac output. Conversely,
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a decrease in the force of contraction leads to a fall in 
pulse pressure, mean pressure and cardiac output.
During the action of a test substance both heart rate 
and force of contraction are normally affected and the final 
result is a combination of the effects described above. The 
degree to which rate and force of contraction are e a c h  affected 
by a given concentration of test substance may differ consider-
INTRODUCTION TO RECORD
Fig* 10 illustrates the stability of record and the technique 
of controls* For the sake of description the record of Fig* 10 can 
be considered under the following headings:
1. Chart paper: The two chart papers (Fig*U) have been joined
together lengthwise in the middle. The numbers in the 
middle of each paper in relation to every fourth vertical 
line indicate 'points ' on the chart and have been used for 
spatial and temporal reference to events occurring during 
the course of the experiments. The distance between two 
adjacent vertical lines was covered in 30 seconds* Hence 
a distance between two whole numbers means a duration of 
2 minutes* The occurrence of events near the vertical 
lines bearing whole numbers is referred to as occurring at 
that point, e.g. the first downward displacement of the 
marker under the word 'control' occurred at point 11*0. 
Events near first, second and third vertical lines after a 
whole number are referred to by adding 0.15, 0*30 and 0.U5 
respectively to the whole number, e.g. there is a big fall 
in the output and blood pressure due to a fall in the 
venous pressure between points 9*30 and 9.^5. The horizon- 
-tal lines on the chart paper represent various scales 
which are described below in connection with different 
traces *
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2. Traces; The içper chart paper shows three traces and the
lower chart shows two traces. The five traces from above
downwards are considered below:
(i) movements 6f the marker: this shows the commencement,
duration and end of perfusion from different sources.
The zero position of the marker means perfusion from
the reservoir. The downward movement of the marker
indicates the start of perfusion from a burette,
the end of perfusion from the burette being shown
by the return of the marker to the zero position
after an overshoot.
(ii) output; this is recorded as a continuous line and
gives output in ml/min. Ten original horizontal
divisions on the paper represent 1 ml/min. A
change in the output by 0.1 ml/min is reflected by
a shift of the output trace by a distance equal to
that between two adjacent horizontal lines and is
clearly visible. Note the prominence of a small
change in output by 0.15 ml/min at point 9*U5.
(iii) blood pressure: the systolic, diastolic and pulse
pressures during each cardiac cycle are recorded.
The width of the trace indicates the pulse pressure
(fms,)which is proportional to the amplitude^of contract- 
-ion. The blood pressure scale is in mm of Hg*
The distance between two adjacent horizontal lines
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represents a pressure of 1 mm Hg.
(iv) heart rate: the heart rate/rain is recorded as a
continuous line. The actual recorded rate was half 
of the original rate. The original scale on the 
paper has been doubled to indicate the original rate. 
Note the prominent display of occasional change in 
rate of 1 beat/min (half of the distance between 
two adjacent horizontal lines).
(v) venous pressure; scale reads directly in mm of water. 
Note the stability of the venous pressure and the 
ability to record changes of the order of less than
0.5 ram of water indicated by half of the distance 
between two adjacent horizontal lines.
3. Description of the events recorded: At the beginning of the
record the zero position of the marker indicates perfusion 
from the reservoir. The heart had settled well on perfusion 
and the record is absolutely stable. The values of the 
different parameters at this time were as follows:
Cardiac output 1.6 ml/min
blood pressure - systolic 25 mm Hg
diastolic 15.5 mm Hg
Pulse pressure 9.5 mm %  
heart rate 36/rain
venous pressure 26.5 mm H O^
6U •
The first downward movement of the marker to the position 
of burette 1 (right top corner scale) indicates that the 
perfusion from burette 1 was started at this time while 
the perfusion from the reservoir was stopped* This was 
done siiT^ ly by taking off the artery clip from the transduc- 
-er-connecting-tube communicating with burette 1 (through 
standpipe l) and putting it on the transducer-connecting- 
-tube communicating with the reservoir (through the respect- 
-ive standpipe) and at the same time the button for burette 
1 was pressed to move the marker. The perfusion from 
burette 1 was continued for 2 minutes during which time the 
marker remained at this position. At the end of 2 minutes, 
the position of the artery clip was reversed to change back 
to the reservoir and at the same time the button for the 
reservoir was pressed and the marker moved up to the zero 
position after an overshoot. Note that there is no change 
in any of the recorded parameters in the process of change, 
-over of perfusion from the reservoir to burette 1 and back 
to the reservoir. The reservoir and burette 1 contained 
the same sample of Ringer's solution as was used for prepar- 
-ing the test solution. However^the test solution and the 
sample of Ringer's solution used in burette 1 had been 
standing together at a different place. This sample of 
Ringer's solution which stood with test solution was called 
'control* Ringer's solution. The perfusion from burette 1
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was called 'control perfusion' because of the following 
considerations
1. it showed whether the process of changing over 
the perfusion from the reservoir to burette 1 and 
back involved any significant change in the venous 
pressure and hence in the other parameters of 
cardiac activity.
2. it could detect minor differences in the pH and 
tenperature of the Ringer's solution in the 
reservoir and the control Ringer's solution itself 
by showing a significant change in record without 
any change in the venous pressure. If some slight 
difference existed between the two solutions a 
similar degree of difference could be allowed for 
between the Ringer's solution and the test solution.
3. it could show whether there was any contamination in 
burette or its connecting tubes.
U. it could detect a possible obstruction in the perfus- 
-ion system due to small air bubbles. The obstruction 
was indicated by a fall in the venous pressure, a 
decrease or stoppage of the excursions of needle of 
the venous pressure monitoring meter (in front of the 
operator) and also by the fall in the level of other 
parameters.
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Setuming te the description of Fig. 1C, during 
the first control, there was no change in any parameter.
Hence this was a very satisfactory control. The second 
deflection of the marker to the position of burette 2 
indicates a simlar control perfusion from this latter 
burette. The third deflection of the marker indicates perfusion 
of a test solution from burette 1 with a very slight effect.
The fo'urth movement of the marker shows a repetition of 
control perfusion from b’orette 2. Later on between point 
9.30 and 9.U5 the common perfusion chamber of the 
transducer was flushed back by opening the exit of 
standpipe 1 and removing the artery clip from the 
transducer- connecting tube in front of the standpipe. This 
procedure flushed out the test solution completely from the 
common perfusion chamber and the transducer-connecting-tube 
and is referred to by *F’ on the chart. Since burette 1 
was used for the test perfusion, it was rinsed thoroughly 
with Ringer’s solution and a fi.nal control perfusion was 
conducted from burette 1 to show that it was still satis­
factory. Thus the slight effect of the test solution was 
not due to any defect in the perfusion system or any 
contamination in burette 1, The momentary small change in 
the record (well marked in the venous pressure and the 
blood pressure) at the start of the final control perfusion 
is due to a small change in venous pressure at the time of
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change over of perfusion from the reservoir to burette 1.
The venous pressure was adjusted at once and the blood 
pressure returned to its original level. It is obvious 
from the record that this degree of change in the 
venous pressure during change over of perfusion from 
one source to the other was of no significance.
Appreciation of the following points is useful in interpretation 
of the records.
1. The time constant of the recording system -
(a) Heart rate - The ratemeter is triggered by the impulses 
generated as a result of changes in pressure due to 
individual beats. When the recording system is connected 
at the beginning of the experiment, the pen moves upwards from 
the zero position to the appropriate level reaching a stable 
value, the rate of movement of the pen being determined by 
the time constant of the integrating circuit which is about 
1 minute. Cnee a stable va^ue has been reached any gradual 
smooth change in the heart rate moves the pen to a new 
position showing the prevailing rate per minute.
During the action of a test substance the change in 
rate is usually smooth and gradual and the new stable position 
gives accurate readings except under two circumstances -
(i) vVhen the heart is powerfully inhibited and the
individual excursions of the mercury fail to produce 
an impulse sufficient to trigger the rate meter.
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(ii) When a further sudden change in the heart rate 
occurs before a new stable level has been 
reached.
In both these cases the true heart rate is derived by counting 
individual beats in the blood pressure trace. During failure 
of triggering or during stoppage of the heart, the pen moves 
towards the zero position with the same time constant.
(b) Cardiac output- The recording system for the output behaves
in the same way as that of the heart rate, with a time constant 
of about 0.5 minute. If during a change a new stable level
has net been reached before the next charge occurs, the
correct output is derived by counting the small fluctuations 
on the output trace, each smal.l fluctuation representing 
one drop of fluid. Counting of drops is also a useful 
check when the output is very small,
2, Spontaneous changes in heart rate or a change in rate d'uring 
control perfusions of up to 5^ and occasionally up to 10^ may 
occur without any significant change in the other parameters.
Hence any rate effects within these limits of control have 
been considered insignificant,
3. The action of a test solution usually produced a change in the
heart rate as well as in the force of contraction. As mentioned
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in the section on dynainics, these parameters influenced both 
arterial pressure and output records. Usually the action 
of a test substance registered a change in all the other 
recorded parameters (except venous pressure which was 
maintained constant).
The record of heart rate reflects pacemaker activity and a 
smooth progressive change in the trace reflects a change in 
the pacemaker activity. Arrhythmias (commonest being 
coipling of beats and extrasystoles) and interference with 
conduction of impulse give rise to irregularities in the 
record of heart rate, blood pressure and output.
R E S U L T S .
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DETAILS OF SUCCESSFUL EXPERII®ITS
The results of successful experiments on 1?1 frog hearts in 
connection with sensitivity to different substances are considered 
in this part of the thesis. Other experiments in which the rhythm 
of the heart was very erratic and the record was consequently un­
stable have been rejected. Still others in which only a few con­
centrations of different substances were tried without any effect 
and the whole series of solutions could not be tried, have also 
been excluded. The details of the frogs used and the number of 
frogs used for different purposes are given in table 1 .
The d'jratior of individ'aal experiments varied from a few hours 
to 3 days. The records are continuous in time except for short 
breaks. Recording was discontinued doming the night if the exper­
iment was not in progress. Momentary stoppage of recording for some 
technical reason during the middle of the experiment is indicated by a 
prominent on the record and is usual.ly self-evident. Photographs 
of extracts from the record showing important observations are 
presented here. The strength of all test solutions is in g/ml.
The solutions of all test substances were administered in 
increasing concentrations to exclude the possibility of alterations 
in the response of the heart due to a high initial dose. Also 
preliminary experiments conducted by Dr. Boyd on acetylcholine 
suggested that there might be two peaks of action of acetylcholine - 
one at lower concentrations between 10 and 10 g/ml and the 
other at higher concentrations. It was considered possible that the
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same might be true for other substances. Hence it was necessary to 
start with very low concentrations.
For the purpose of investigating the incidence of hearts 
sensitive to low concentrations it was considered sufficient to 
obtain an approximate estimate of minimum effective concentrations 
by testing a standard series of solutions covering a wide range.
The standard series (prepared as illustrated in Fig. SA ) consisted 
of the following strengths: 10 10 10 10 10 and
g/ml.
The term minimum effective concentration (or threshold of 
sensitivity or simply threshold sensitivity) has been used in a 
relative sense for discriminating the degree of sensitivity of 
different hearts e.g. when it is stated that the minimum effective 
concentration in a particular heart was 10 g/ml, it implies that 
thp actual threshold lay between this and the next lower concentration: 
tested i.e. between 10 10 g/ml .
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pH CF SOTHTTCFS
An electronic pH meter model 700 with a readability to 0.02 of 
a pH unit (Analytical Measurements ltd., Surrey) was used. This
meter is mains operated, gives quick and reproduceable readings 
and only small samples of solutions are required.
The degree of variation in the pH of solutions, the measures 
adopted to control variations in pH, and the responsiveness of the frog 
he curt to changes in pH of Ringer’s solution are considered below.
Variations in the pH of Ringer’s solution
(a) Samples of Ringer’s solution nrepared with water from different
sources may show a difference in the pH as illustrated by the 
following ^ea^nrA^pnts in one experiment -
Sample of Ringer’s solution pH
1. in tap water 8.19
2. in glass distilled water 8.10
3. in deionised water 3.16
h» in water deionised and t h e n  glass distilled 8.10
9. in water loionlsAd end then double distilled in
quartz glass S.01
The maximum variation in pH was less than 0.2 units
(b) A difference in the pH of two sai.iples of Ringer’s solution
prepared from the same stock solutions at different times in one 
experiment was also possible. The difference was usuall^r within
0.1 'unit but occasionally it was up to 0.2 units.
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(c) Alteration in tho ionic composition of Ringer’s solution
produced only a small change in the pH except when the
2 +concentration of Ca was changed. The following values 
were recorded in. cnA experiment -
Sample of ^Anger’s solution pH
1. usual composition (see page 3h.) 6.30
2. containing a low concentration of 3.26
3. containing a low concentration of both and 3.22
2+L. containing a high concentration of Ca 7.76
The low pH of the Hth sample is possibly due to the acidic 
nature of the solution of CaCl^ which is a salt of a strong 
acid and a weak base.
(d) Samples of the same Ringer’s solution stored in different 
containers (e.g. S-litre flask, Winchester bottle, ICC ml 
flask, perfusion burette and reservoir) sometimes exhibited a 
difference in the pH as illustrated below -
Date of experiment Sanple pH
$. 3. 6C from control (ICO ml) flask 3.25
f r o m  p e r f u s i o n  b u r e t t e  8.33
25. S. 60 f r o m  r e s e r v o i r  7.S3
from Winchester bottle 7.78
from control flask 7.72
A maximum difference of C.2 units was possible but the usual 
difference was within C.l 'units.
7h .
(e) 'Vhen the solutions were allowed to stand for a long time, the
pK usually rose slightly as illustrated by the following example ■
Date of experiment Sample of Ringer’s solution pK
2Ü. 8. 60 just after preparation 7*72
U3 hours after preparation 7.32
Measures adopted to iTiiniïïiise changes in pH
Although the variation in pH under each condition considered 
above was small, their combined effect could be greater. Hence the 
following measures were adopted to control each source of variation and 
to reduce the overall variation in the pH during individual experiments
1. Use of water from only one source, i.e. water which was deionised 
and then double distilled in quartz glass was used throughout.
2. Preparation of a large volume of Ringer’s solution (5 litres) 
at one time in each experiment. All other solutions were 
prepared in this.
3. Use of glassware of one material and make (Pyrex) for the 
preparation and storage of all solutions.
5. If a test solution was to be tested after it had been standing
for some time, the Ringer’s solution and the control solution 
were also allowed to stand for the same period.
5. Use of analytical reagents from one manufacturer (British Drug 
Reuses Ltd.).
6. Addition of NaHg^O)^ to the Ringer’s solution.
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These measures were generally sufficient to reduce the overall 
variation in pH during individual experiments to C.l unit or less. 
Occasionally, the maximum difference in the pH of different solutions 
was up to C.2 unit i.e. a change in pH by _+ 0.1 unit.
Responsiveness of Frog Heart to Changes in pH
After having controlled the overall variation in the pH of 
solutions to + C.l unit, the influence of changes in the pH of 
Rlrger’s sc*^ution on the activi.ty of the heart was investigated.
The pH was adjusted to different values in two -^lays
T\T" . by adding small volur.ies of ÿ hydrcchicric acid.
2. by changing the volume of isotonic sc''utiof NaîiCO^ added to 
the Ringer’s scl ution.
A change in the pH between 7.2 and C.5 primarily irf’uenced
the chronotropic response, a decrease of pH slowing the heart while
an increase in the pH produced slight acceleration. Changes in the 
mean arterial pressure and output were small and could be accounted 
for largely by changes in the heart rate. Reduction of pH below 7.2 
produced a negative inotropic effect. The effect on the chronotropic 
and inotropic responses was completely reversible after exposure to 
different pH values for h to 8 minutes.
Fig. 11 illustrates the responsiveness of the frog heart to
changes in nH. Fig. 11a shows that a sudden lowering of pH from 8.5 
to 6.0 (i.e. by 2.5 units) for h minutes produced a small effect.
A progressive decrease in the pH in smaller steps from 3.5 to 7.2
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produced only a 3 to 6^ decrease in the heart rate without any 
change in the mean arterial pressure or output even when the 
perfusion period was prolonged to 7 minutes. Lowering of pK below
7.2 produced a greater slewing, the mean arterial pressure and output 
now also decreased and clear evidence of a negative inotropic effect 
was visible. The heart, however, '^.id not completely stop at 5.3.
Fig. 11b shows that lowering of pH from 3.5 to 3.1 (by 
units) produced a small decrease in the heart rate, mean arterial 
pressure and output. The decrease in these parameters was almost of 
the same order when the pH was lowered in larger steps i.e. from 3.5 
to 7.5 (a change of one full unit) and from 8.5 to 7.2 (by 1.3 units).
These records illustrate that the frog heart can withstand 
considerable changes in pH and can adapt to quite a low pH (6.C in 
this case) . ^rom a practical point of view it was clear that if the 
pH is changed by _+ 0.3 around 7.5 or 8.0 or around any value within 
this range, there is very little or no change in the activity of 
the heart.
In this work the action of various test substances was usually
tested for 2 minutes. As seen in Fig. 11 the onset of effect due to
lowering of pH was slow and progressed to a stable value over a
period of several minutes. If the reduction in pH were to be restricted
to 2 minutes only, the effect would obviously be still small, for
example in Fig. 11a it is seen that lowering the pH from 8.5 to 8.0
(i.e. by 0.5 units) for 2 minutes produced a }>% decrease in the
heart rate while lowering by the same degree for h minutes reduced 
the rate by 6%,
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Changes in pH by + 0.3 unit (or sometimes even more) for 2 
minutes within the range of 7.5 to 8.5 was, therefore, likely to
produce either no change at all or a small change in the heart rate
by 3 to 6/, As mentioned elsewhere a change in the heart rate by 5 
to 10% could occur during control perfusions and was considered to 
be of no significance, and a change in the pH of solutions by _+ 0.3 
units within the range of 7.5 to 3.5 could be regarded as a 
reasonable tolerance lirfiit in this work. The possibility of an 
overall variation in the pH of solutions by _+ 0 .1 unit during 
individual experiments was of little practical importance and 
certainly ccul.d not influence the results.
Equilibration of solutions with gaseous COg was considered 
unnecessary because
1, Simple measures adopted for the stabilization of pH were 
shown to be adequate.
2, To maintain a stable pH after initial équilibration requires 
continuous bubbling with COg, Without continuous bubbling
a greater change in pH is liable to occur than if the solutions
are not equilibrated in the first place. Equilibration with 
COn was also not very practical in view of the very large 
number of solutions and containers required in a single experiment.
3, It was considered essential to keep all solutions completely 
free from contamination and a CCp cylinder and bubbling 
equipment were a potential source of contamination.
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pH of Test Solutions
Most of the test substances were in the form of salts containing 
acid radicals. Ionisation was likely to provide additional H^ ions 
when these substances were dissolved in Ringer’s solution. Measurements 
of the pH of concentrated solutions indicated that the measures 
adopted for the stabilization of the pH of Ringer’s solution were 
adequate to deal with minor changes in H^ ion concentration. The 
following examples from different experiments illustrate that the 
difference in the pH of Ringer’s solution and a concentrated 
solution of acetylcholine prepared in it was v^ry small and 
insufficient to influence the heart
Date
13. 8. 6C
13. 8. 6c
pH of Ringer’s solution
9.27
Four samples of Ringer’s 
solution
pH of acetylcholine 10 g/ml 
prepared in the same 
Ringer’s solution
8.33
20. 7. 62
]. 3.18
2. 3.10
3. 8.2L
Ü. 8.15
8.2
3.13 
8.12 
8.20
8.15
3.2 (series a)
3.2 (series b)
The pH of all dilute solutions prepared from acetylcholine
10 ' g/ml was measured in some experiments and all values were
found to be within the range of + 0.1 unit as compared with the pH 
of Ringer’s solutions. As already established this degree of
79.
variation was definitely insufficient to influence the heart.
Routine testing of all dilute solutions was considered unnecessary 
for the following reasons
1. There was only a small difference in pH between a concentrated
—7solution (i.e. 10 g/ml) of acetylcholine and the Ringer’s 
solution which was used for obtaining the dilute solutions from 
this concentration.
2. Any difference in the pH between the concentrated solution and 
the Ringer’s solution would he reduced with each step of dilution. 
However, the pH of solutions containing a very low concentration
of acetylcholine was checked occasionally when acetylcholine was '
effective in surprisingly small quantities. For example, the pH of
-15 /the solution of acetylcholine 10 g/if), which had a powerful
inhibitory effect on the heart (Fig. 37) was measured immediately 
after the test. The difference between this solution (10 g/ml) 
and the corresponding control solution was 0.01 unit. There was, 
therefore, no doubt that the inhibitory effect was due to acetylcholine. 
Similarly the pH of acetylcholine 10 g/ml (A^^ , Fig. 62) was
7.6 measured immediately after the test. The pH of the Ringer’s 
solution in the reservoir was ?.li and of the control solutions was 7.5. 
Ho significant difference (i.e. greater than the limit of + 0.1 unit 
described above) between the pH of a solution of acetylcholine and the 
control solution OT Ringer’s solution in the reservoir was ever observed 
The above remarks made in connection with acetylcholine also 
apply to solutions of other test substances.
8c.
ACETYÎjCHCLINE
stability of Acetylcholine in Alkaline Ringer’s Solution
It is a commonly held view that solutions of acetylcholine in 
an alkaline medium hydrolyse fairly rapidly at room temperature, as 
described by authorities like Dale (l9lU) and Clark (1926) and many 
subsequent workers. During the present work it became obvious that 
the solutions of acetylcholine in Ringer's solution with a pH of 
about 3 maintained their activity for periods of many hours.
To obtain more precise information about the rate of hydrolysis 
cf acetylcholine solutions a special series of experiments was carried 
cut on 11 hearts. These experiments were conducted during the months 
of July and lugust. Durin'^ this period frog hearts are relatively 
insensitive to acetylcholine (see later, Fig. Ul), The minimum 
effective concentration ujclS  about g/ml and that required to
stop the hearts 6 > f o ) * A
series of acetylcholine solutions (labelled series 'a';, ranging in 
concentration from 5 x 10  ^g/ml to 10 g/ml, was prepared from an 
ampoule of th« solid chloride as illustrated in Fig, * Additional 
series b , £, etc. were prepared from separate ampoules as required, 
i ■=:et of test perfusions were conducted with increasing concentrations
-1Q .starting with 10 ' g/ml which was ineffective in all 11 hearts. The 
following types cf experiment were carried out 1
 ^. A set cf test perfusions as described above using one series of 
solutions as soon after preparation as possible (commencing 
within 0,5 hr), followed by another set of tests on the same 
heart using the same solutions after they had been standing
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for periods Vcrying from 3 to 30 hours.
2. A comparison of the action of a  fresh series of solutions with
the action of solutions of one or more series prepared from 3 
to hours previous"'y, on the same heart. A complete set of
teste with the full ran^r of solutions of ore series was
followed by a set of tests with another series, or tests with 
corresponding concentrations from different series were 
int erdigit at ed.
?, i comparison cf a completely fresh series of solutions with
a second series prepared by diluting a relatively concentrated
sol uti. on of acetylcholine (about 1C g/ml in '^.inger’c cc^utir^) 
which hc-.d beer standing for a long period, and testing the 
^iluts eolations ^horfy thereafter.
In Fig. 12a a record is shown of the acti.on of a freshly prepared 
series of solutions (C.5 hr old at the first test) in concentrations 
from 10 g/ml, which was ineffective, to 5 x 10 ' g/ml, which stopped
the heart. The same series of solutions, ^fter standing for 3 hours,
produced changes in the activity of the same heart of almost exactly 
the same degree (Fig. 12b) as the corresponding fresh solutions. The 
maccimuii percentage inhibition of cardiac output, heart rate, and mean, 
srte^iai pressure during each te^t with the fresh series of solutions 
is given by +h^ filled circles, while the values for the tests with 
solutions 3 hours are plotted as open circles, in Fig, 13a. The 
horizontal arrow on each ordinate scale indicates the maxixiium change 
in that parameter during any control perfusion in the experiment.
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Vertical arrows near the curves indicate onset of conduction block. 
Air OKS with continuous lines indicate coniplcte heart block while 
arrows with dotted lines indicate partial heart block. The 
continuous line in this and subsequent figures conneots the values 
obtained with the fresh series of solutions, any hydrolysis being 
indicated by a downwand displacement of the open circles from this 
continuous line. Some degree of variation in the action of the 
same solution on the sane heart at different times is to be expected 
as described later, which accounts for the fact that some old 
solutions which have not undergone any hydrolysis may have a 
slightly greater (or smaller) inhibitory effect than was produced 
by the same solutions when fresh. Fig. l^ .a and the filled circles 
In Fig. 13b show the action cf a freshly prepared series of solution; 
(series £) on another heart. F'arther tests with the same solutions 
after stending for 5 hours gave almost identical résultés (Fig. 13b, 
open circles) showing that no detectable hydrolysis had taken 
place in this period.
The relationship between concentration of acetylcholine and 
the response of another heart is shown in Fig. Ifc, The actions 
of solutions from one series tested when fresh (filled circles) 
and of the same solutions after standing for 3 hours (open circles) 
were very similar to each other and to the actions of corresponding 
solutions of a different series which had been standing for 5
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heurs (circles containing dots). Again there is no evidence of 
hydrolysis within a 5 hour period.
An experiment in which solutions of two different series 
wnich had been standing for 3 and 25 hours were tested is illustrated 
in Fig. l5a. The concentration-response relationship of this heart 
with the 3 hours old series (open circles), and with the 25 hours 
old series (circles containing dots), are very similar. On the 
other hand, in an experiment on another heart (Fig. l5b) there was 
evidence of some hydrolysis in a series of solutions which had been 
standing for 29 hours (open circles) when its action was compared 
with the action of a fresh series cf solutions (filled circles).
In general, there was evidence of hydrolysis in some solutions 
a.^ ter they had been standing for long periods, especially if they 
had been handled e.g. part of their contents used for earlier tests.
In one experiment two series of solutions (a and b) were obtained
”*5 5from concentrations of 10 " g/ml or 5 x 10 g/ml of acetyl choline
(in Ringer’s solution) which had been prepared from separate ampoules 
of solid and allowed, to stand for hours (series a) and 77 hours 
(series b ) . Tests from certain solutions of these series on one 
heart were interdigitated with tests with a series only a few 
hours old (series _c), and the degree of inhibition produced by 
corresponding solutions of all three series was almost identical 
(Fig. 1^ 4b) . Thus, no significant hydrolysis occurred in concentrations 
of the order of 10 g/ml within a period of nearly ICO hours.
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Some evidence on the extent of hydrolysis in more dilute
-1C /solutions of acetylcholine than 10 g/ml was obtained from
experiments carried out on very sensitive hearts. In one experiment
(Fig.' 52a) concentrations ranging from 10 g/ml to 10 ^ g/ml
produced slightly greater inhibition of the heart when 8 hours old
(open circles) than they did when freshly prepared, presumably due
to a slight increase in the sensitivity of the heart. However,
a separate series of solutions which had been standing for 2U hours
(triangles) produced much less inhibition indicating that these
latter solutions had hydrolysed considerably.
In another experiment (Fig. 5U£) concentrations of 10 g/ml
and 10 g/ml of a series which had been standing forl7*Çhours
(open circles) produced a similar degree of inhibition (in repeated
tests) to that produced by the same solutions, tested when fresh
on the same heart on the previous day (filled circles). Thus, there
was no hydrolysis of these solutions in f/tS^hours. Aljgo Fig. 5Ua
shows that in another experiment concentrations of 10  ^g/ml and 
-11 /10 g/ml produced considerably greater inhibition on the second
day than that produced by the same solutions on the sa'^ e heart
on the first day i.e. there was an increase in sensitivity of the
heart and no obvious hydrolysis in the solutions in about 2h hours.
Finally, Fig. 5Ub shows that a solution of acetylcholine in a 
 ^ -13 /concentration of 1C g/ml, which was prepared and kept in 
stoppered, sterile flasks without being handled for 2h hours before 
being tested, produced about 5C% inhibition of the heart. Any
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hydrolysis taking place must have been of small degree.
Table 9 summarises the experiments in which low concentrations 
cf acetylcholine were effective after different durations of 
standing.
It was assumed throughout most cf the present work that the 
solutions of acetylcholine maintained their strength because they 
were prepared using cheirdcally clean and bacteriologically sterile 
glassware. One experiment was conducted in which two series of 
solutions were prepared from the same anpoule of solid 
acetylcholine chloride, the one series in clean and sterile 
stoppered flasks while the other series was contained in unstoppered 
flasks which had been standing in a laboratory cipboard and were not 
subjected to the usual cleaning process. The activity of the two 
sets of solutions was compared when they were freshly prepared 
(Fig. I6a) and, on the same heart, when they had been standing 
for about 18 hours (Fig. l6b). The results are plotted in Fig. l5c, 
and there is, surprisingly, no indication of any hydrolysis in 
any of the solutions at all. Sterile pipettes were used, however, 
in the preparation of both series of solutions in this experiment, 
and it may be that any hydrolysis which occurs is primarily due to 
contamination introduced in the pipetting process. It is clear from 
this experiment, howevur, that under some circumstances, solutions 
of acetylcholine will maintain their activity for long periods 
without the elaborate precautions in cleanliness and sterility used 
throughout the present work.
The general conclusion which emerges from this study is that
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if acetylcholine solutions are prepared in Ringer's solution using 
clean and sterile glassware and the solutions are not handled in any 
thereafter, all cf them will maintain their full activity for 
periods cf more than 8 hours, and often for more than 2h hours. 
Further, concentrated solutions of acetylcholine (e.g. 1C  ^g/ml) 
may maintain thei^ full s+rength for periods of several days.
Openirg the flasks and handling th® solutions may, however, 
result in an ^unpredictable degree of hydrolysis cf the remaining 
contents cf the flasks, negligible within about 8 hours, but 
varying from nil to almost complete hydrolysis over longer periods.
Threshold Sensitivity to Acetylcholine and Stoppage Concentrations 
of Acetylcholine.
Fig, 22 illustrates the routirp technique of conducting several 
initial control perfusions with 'control' Ringer's solution from two 
burette?. These initial controls demonstrated that the perfusing 
system was completely satisfactory and t he process of change-over of 
perfusion from the reservoir to burettes a^d bao^ did not produce any 
change in the record. Rince burette i was to be used for testing th? 
influence cf acetylcholine solutions several Centro'’ perfusions ^e-e 
conducted from it to show that it gave satisfactory controls repeat­
edly, Subsequently burette 1 was used for testing the effect of 
increasing concentrations of acetylcholine. The heart was found to
-7be sensitive only to 1C which stopped it within 3C seconds. The 
common perfusion chamber was flushed back (F) at point 2.C to wash 
out acetylcholine. Soon after the heart restarted but stopped again
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due to the entrance of residual amount of acetylcholine from the 
venous cannula into the heart. However the heart recovered quite 
quickly afterwards. Near point 3.30 the common perfusion chamber was 
again flushed back to wash out remaining acetylcholine before the 
final control perfusion from burette 2. There was no necessity fof 
adopting any special methods of control as this was a definite .
effect and^as will be considered later on,this concentration 
influenced al hearts. No change in the venous pressure occurred
-7during the test perfusior with 10 and the effect was completely 
reversible.
The lowest concentration of acetylcholine whic'^  influenced 
al1 the three parameters (i.e. cardiac output, arterial pressure 
and heart rate) represented the threshold of sensitivity (threshold 
sensitivity) for that heart. Usually the force of contraction (as 
evidenced by changes in the record of cardiac output and arterial 
pressure) and heart rate were almost simultaneously inhibited at an- 
effective concentration. At times,however, small changes in the 
heart rate occurred without any significant effect on other recorded 
parameters. Changes in heart rate of less than 10% were within the 
limit of controls and have been ignored. Further details regarding 
the action of acetylcholine are considered along with the 
concentration-response relationship.
If the first noticeable effect with any concentration was
complété stoppage of the heart without any effect of lower
concentrations or in which the lower concentrations were not 
that concentration h^s been taken as threshold
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sensitivity as well as stoppage concentration. For example it has 
been seen in Fig. 22 that was the lowest effective concentration
which,however,also stopped the heart. Fig. 23 is an example of 
another heart in which the first effect was stoppage at
1C In such cases the stoppage concentration has also been 
regarded as threshold sensitivity.
The sensitivity to acetylcholine varied considerably from heart 
to heart. For simplicity of description the hearts can be classified 
according to threshold sensitivity to acetylcholine into three 
categories.
1. Relatively insensitive hearts (hearts with low sensitivity).
This inciudes those hearts which showed a threshold sensitivity 
-7 1at 10 , Fig. 2h is an example of a relatively insensitive
-7heart showing threshold at 10 and steppage at 10 . The
heart shewn in Fig. 22 also falls under this category.
2. Hearts with medium s^sitivity/ those hearts which had a
-9threshold sensitivity at 10 are classified under this
category. Fig. 25 is an example of a heart with medium
“9sensitivity showing a threshold at 10 and stoppage at
-710 . Fig. 21 shows the record of another heart in which
the effectiveness of 10 ^ g/ml was confirmed by 7 repeated 
tests. There was only a slight variation in the resoonse 
of the heart to the same concentration.
3. Hearts with high sensitivity. This includes those hearts
which showed a threshold effect st IC"^^ or still lower
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concentrations . Records of some of the highly sensitive
hearts are being presented in Figs. 26 to 33. Fig. 26
illustrates the record of a heart which showed a threshold 
-11effect at 10 . The initial control perfusions from burette
1 showed no effect. Acetylcholine solution in concentrations 
_ i g -13of 10 " and 10 from the same burette showed no effect 
while 10 produced a large effect. Two subsequent controls 
from the same burette after rinsing several times with 
Ringer’s solution showed no effect. The changes in all the
three variable parameters (i.e. output, arterial pressure and
\ -11 heart rote; during perfusion with 10 could not be due to
an artefact because of the following reasons;
(i) The perfusion system was satisfactory before and after
the test perfusion with 10 as shown by severàl
13controls on either side (indeed 10 and 10 also 
serxQ. • as controls in the beginninpj.
(ii) The latency of onset of effect from the time of
-] 1start of perfusion with 10 is about 30 seconds
which was the time taken by the fluid to reach the 
heart.
(iii) The effect was gradual in onset with a steep fall up
-11to the end of perfusion with 10 and was completely 
reversible within 90 seconds which was also the 
approximate period for which the heart was exposed 
to the drug.
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(iv) The record is stable. There was no change in the 
venous pressure durin^ the test as evident from 
the trace.
(v) The genuine nature of effectiveness of 10 in
this heart was confirmed by repeating the tests (Fig.2?).
Fig. 25 is a second example of a highly sensitive heart in which
—IBacetylcholine in a concentration of 10 produced very marked effect
and 10*”^ ^ stopped the heart. The effects are gross and ’bracketed’
between controls. Fig. 29 shows the record of another heart in which
the minimum effective concentration was 10 g/ml. Fig. 30 is an
e xample of sti ll  more h i g h l y  s e n si ti ve  hea rt  s h o w i n g  a b i g  e f f e c t  at
lO"^^ and stoppage at 10 *'". The effects are again well controlled.
S u b s e q u e n t l y  still low er  con ce nt ra ti on s  of a c e t y l c h o l i n e  w ere
prepared and tested on this heart the next day and it showed a
, -17threshold effect at 10 as shown in Fig. 31. The effectiveness of 
lO"^^ was confirmed by several tests on both days. (Fig. She).
Fig. 32 and 33 are extracts from the record of the most highly
sensitive heart. Fig. 32 shows that this heart showed a very large
-15 -13 _n
e f f e c t  at 10 5 10 ' and 10 gave still larger effects within
a much shorter duration. These solutions belonged to a series named
’a'. S u b s e q u e n t l y  two corrpletely new series of s ol ut io ns  w e r e  p r e p a r e d
f ro m  separate amp ou le s  of solid acetyl choline c hl or id e  in the u s u a l
way and in the same sample of Ringer’s solution which was used In the
reservoir and in the control perfusions from burette 1 and 2.
-23Dilutions up to 1C were prepared and tested after several hours
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as shown in Fig. 33. By this time there was a slight decline in the
cardiac activity as indicated by the decrease in output and arterial
pressure. The reduced appearance of pulse pressure is partly due to
the fact that in comparison to Fig. 32, Fig. 33 has undergone a
much greater photographic reduction. The duration of experiment
covered by Fig. 33 is about twice that covered by Fig. 32. In fact
the original size of the extract of Fig. 33 was still greater due to
several repetitions of tests with 10 10 and 10 of both
series (b) and (c) and associated controls. Part cf the extract from
the middle, therefore, was removed to accommodate the Figure in this
size. The junction can be seen as a thin white line between point 1
and point 7 after the second control from burette 2 . The initial
controls from burette 1 and 2 were satisfactory. Acetylcholine 
-23 / \10 (b; series produced no effect, the effect on rate being of the
same order as from the initial control^burette 1. The effect of 
—23 —2110 (c) and 10 (b) were also not significant. However the effect
-21 / \of 10 (c; was significant as all the three parameters were involved;
the effect of 10 (c) was gross. The effect of 10 (b) though
greater than 10 (b) was less than that from 10 (c). Hence
though both series showed progressive increase in the effect, the
corresponding strengths of solutions of the two series were not
exactly comparable. The possible explanation for the difference in
the action of corresponding strengths of different series will be
considered later. More details regarding this experiment will be given
-^ 1in reference to Fig. 5?£. this h^art 10 represented the
threshold sensitivity.
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Figs. 52 a, b and c, 5U a and b and 55 a and b illustrate the 
examples of 7 other highly sensitive hearts in each of which the action 
of low concentrations of acetylcholine was confirmed by several tests 
with solutions of one or more series. The record of these and other 
highly sensitive hearts will be presented in due course.
The d i s t r i b u t i o n  of 86 frogs a c c o r d i n g  to the t h r e s h o l d  
s e n s i t i v i t y  of t h e i r  h e a r t s  to a c e t y l c h o l i n e  is given in Fig. ÿi. 
A l t h o u g h  the m a j o r i t y  (5l frogs) was s e n s i t i v e  to a c e t y l c h o l i n e  1C , 
e thers (35 frogs) w e r e  i n f l u e n c e d  b y  s ti ll  lower c o n c e n t r a t i o n s .  The 
p e r c e n t a g e  of h ea rt s  s h o w i n g  d i f f e r e n t  d e g r e e  of s e n s i t i v i t y  is 
^ iv en  b e l ow -
Hearts w i t h  low s e r s i t i v i t y  (IC ^) 59%
Hearts with medium sensitivity (10 )^ 27%
Hearts with hi^h sensitivi ty (10  ^^  to 10 ^^  ) l h %
In 2 out of the H f e m al e  frogs a f f e c t e d  b y  a c e t y l c h o l i n e  10 
(Fig. 3 h )  the hea rt  was a c t u a l l y  stopped at this c o n c e n t r a t i o n  (Fig. 35) 
Fig. 35 shows t he  n u m b e r  cf ^rogs in w h i c h  the h e a r t  w as  s to p p e d  
b y  d i f f e r e n t  c o n c e n t r a t i o n s  of a ce t y l c h o l i n e .  Out of the 86 f ro gs  the 
stoppage of the h e a r t  was t e s te d  in 73 frogs. In a few cases w h e r e  the 
h ea rt  was inh ib it ed  b y  50 to 9 0 %  w i t h  some c o n c e n t r a t i o n  w h i c h  was 
t e s t e d  f or  o n^ y  a b o u t  30 seconds, that c o n c e n t r a t i o n  was taken as 
s to pp ag e  c on ce n t r a t i o n .  T h e  c o n c e n t r a t i o n  w h i c h  p r o d u c e d  c o m p l e t e  
c on du ct io n  b l c c V  ^or 30 s e c on ds  or m o r e  was also r e g ar de d  as s t o p p a g e  
con ce nt ra ti on .  The p a t t e r n  of d i s t r i b u t i o n  of frogs in Fig. 35 is quite 
I ' V p  +hat o.^  Fig. 3’l whic^ ^hows the s e n s i t i v i t y  d is tr ib ut io n.  Tb?
hearts of 5 frogs required acetylcholine 1C ^ for stoppage. Cor-
7 —5centrations between 10 and 10 ' were not tested. Làter experiments
in which several intermediate concentrations ^erc te?ted indicated that
al’’ hearts are actually stopped at 5 x 10  ^ (Fig. 39). Out of the
remaining 65 hearts 58 wer^ stopped at 10 while 7 hearts were stopped
at still lower concentrations. The significant point hero is that
-igseme hearts can be stopped with as " ow c ccncentratim as 1C
(rigs. 36 and 62). Fig. 37 shows the record of a third heart in 
-15which 10 ■ produced a very powerful inhibition, amounting to almost
complete stoppage, within mirmte.
In some hearts which were stopped ab ’o: cc^cf^trabions the effect
of higher concentrations was not investigated. If it is presume^ that
higbpr concentrations would have been effective if tried in these hearts
(whicb is a reasonable presumption) and al.so if the action of all
effective concentrations (so far only threshold and stoppage concentrations
have been considered) in each heart is taken into account the true
incidence of influence cf different concentrations cf acetylcholine can
be assessed. Fig. 32 has been derived on this basis. It is at once
— PI —clear that i'l the range of concentrations from 10 to 10 ‘ there is 
an exponential t^ pce of re'^ aticnsl'iip between the number of frogs in which 
the heart was affected and the concentrations of acetylcholine. Fig. 32 
also shows that hearts of all the 26 frogs would have been affected by 
acetylcholine ^0 In fact all hearts which were not stopped by ^owcr 
concentrations when tested with acetylcholine lo"^ were shoT^ jn to be 
influenced by this concentration. Thus out of the 26 frogs 
acetylcholine IC ' was actually tested on the hearts of 73 frogs, l5
cf which were grossly irifluenced by it, whereas the remaining 53 were 
ttopped, hence it was effective in all the 73 frogs (1CC%).
Figs. 3h and 35 show that the majority of hearts, which w^re in 
the low or medi.ujT: sensit"vi.ty range, were soon stopped by increasing 
the concentration of acetylcholine ICC times. Both the threshold 
sensitivity and stoppage concentration, therefore, fell into the
-9 -7narrow range of concentrations between 10 and 10 . Subsequent
experiments in 17 other hearts in which a large number of intermediate 
concentrations between 10 and 1C g/ml prepared in small steps of 
dilution (Fig. 0) were tested, showed that the actual minimum 
effective concentration in most of these less sensitive hearts was 
between 2.5 x 10  ^ and 5 x 10 ^ g/ml and the stoppage concentration 
ranged from 1C ' to 5 x 10 ' g/ml (Fig. 39).
Among the highly sensitive hearts there was a tendency towards a
-7 /greater incidence of stoppage at concentrations lower than 1C g/ml 
as the threshold sensitivity increased, but a number of highly sensitive
-7hearts only stopped at 10
Seasonal Variation in Sensitivity to Acetylcholine
The sensitivity of frog hearts varied considerably during different 
periods of the year. The results of experiments conaucted in different 
months of the years 1959, I960 and I96I on these 86 frogs indicated that 
there were two peaks cf sensitivity, one in winter and another in 
autumn. However, the number cf frogs in October and in November wjas 
rather small. For this reason it was considered desirable to use Dr. 
Boyd’s experiments on 22 frogs. These experiments were conducted in
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the years 1956 ard 1957. The total number of frogs now became 108
spread over a 5 year period. The seasonal distribution of the
experiments on these frogs during this period is given in Fig. LO. Dr.
Boyd’s experiments are specified by blank areas. This amalgamation of
results also made the distribution of frogs in each month slightly more
even, except in the month of April. Fig. Ul rives the percentage
distribution of frogs in which the heart was sensitive to concentrations
in the medium or high sensitivity range, out of the total number of frogs
shown in Fig. Ü0 in each month. The two peaks of sensitivity are well
marked. April, May, June, July and December were characterised by a
very low incidence of high sensitivity. January, February, October and
November were characterised by a high incidence of highly sensitive
-21hearts. The most highly sensitive hearts, one sensitive to 1C and
-17another to 1C were observed in January and February respectively.
The variation in the incidence of highly sensitive hearts with season is
statistically significant (C.C25> p > C.Cl).
Relation of Sex to Sensitivity to Acetylcholine
The incidence of high sensitivity as well as the incidence of 
stoppage of hearts at concentrations lower than 10  ^g/ml in the two 
sexes Is given in Table 5. The differences in the percentage incidence 
between the two sexes do not prove to be statistically significant on 
applying the students ’T ’ test. Fig, ^2 gives the percentage of male 
end female frogs in which the heart was sensitive to concentrations in 
the medium or high sensitivity range during each month of the year. The
actual number of frogs from which the percentage has been derived is
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given at the top of each column for the two sexes. The two peaks of 
incidence of high sensitivity are noticeable in each sex and the two 
peaks in each sex are quite comparable to the two peaks obtained for 
both sexes jointly in Fig. hi. The slight variation of sensitivity 
between the two sexes from month to month is not significant statistically.
Spontaneous Changes in Sensitivity to Acetylcholine
Occasionally a small variation in the threshold sensitivity was 
observed in some hearts. Slight decrease in sensitivity was more common 
than an increase when acetylcholine was tested twice or several times 
within 12 hours of perfusion of the heart.
Some experiments in which the sensitivity to acetylcholine was 
re-tested after the heart had been perfused for more than 12 hours 
are summarised in Table U, It is seen that the sensitivity changed in 
6 out of 8 hearts. Of the 6 hearts which showed a change in the 
sensitivity, 3 showed an increase while the other 3 showed a decrease. 
Spontaneous changes in sensitivity to acetylcholine have also been 
reported by previous workers (Cori, 1921, Pines, 193Ü, Webb, 195o) 
in the hearts of frogs and other species.
Relation of Adrenaline to Sensitivity to Acetylcholine
In some experiments a few drops of adrenaline were administered
—6 — 3externally in a concentration of 1C to 10 g/ml to the hearts to 
obtain a stable record if the heart was irregular or feeble and 
occasionally it was observed that there was an increase in the 
sensitivity to acetylcholine (Table 5). The sensitivity increased 
within 15 minutes to 3 hours after administration of adrenaline. One
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heart showed a progressive increase in the sensitivity when tested 
1.25, 2.5 and 16 hoars after the administration of adrenaline,
Marked spontaneous changes occurred in a few hearts after t 
long • durations (more than 12 hours) of perfusion. However, the 
the sensitivity increased only in 3 out of 9 hearts (Table h ) •
In the case of the 3 hearts treated with adrenaline (Table 5) the 
sensitivity increased in L within 12 hours and in the other h after 
12 hours of perfusion. The degree of increase in the sensitivity was 
also greater in the adrenaline treated hearts. Although these 
experiments supported the impression that adrenaline somehow or other 
increased the sensitivity at least in some hearts, these do not represent 
a pre-planned series of experiments - adrenaline was not used with a 
view to influencing the sensitivity,
A few direct experiments in which the heart was perfused with 
Ringer’s solution containing adrenaline in a concentration of 10 ^ g/ml 
showed no change in the threshold sensitivity to acetylcholine within a 
period of 2 hours. Occasionally due to the irregular record of the 
heart, small effects which could be due to the action of weak solution^ 
had to be rejected. The action became more definite when the rhythm 
became regular after treatment with adrenaline. In the case of one 
heart (27. U. 6C, table 5) this partly accounts for the apparent 
change in sensitivity from 10 ^ to 10 g/ml.
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COMPCSmCN OF RINGER’S SCLWION AND SENSITIVITY TO ACETYI.CHCLINE
A programme was formulated to screen the influence of several 
changes in the composition of Ringer’s solution on sensitivity to 
acetylcholine to find out if any particular alteration in the 
composition of Ringer’s solution brought about some remarkable change 
in the sensitivity of the hearts to acetylcholine.
As was expected, changes in the concentration cf different ions
greatly altered the activity of the hearts, and the hearts had to be 
allowed to settle on each modified Ringer’s solution for several hours 
before a stabln record could be obtained. The influence of acetylcholine 
solutions prepared in the same modified Ringer’s solution was then 
investigated, ^oreover for comparing the influence of different 
changes in the composition of Ringer’s solution on sensitivity to 
acetylcholine, it was considered more useful to test the effect of 
several changes in the same heart under well controlled conditions 
after it had been allowed to settle fully in the new ionic environment.
Several hearts became completely erratic in rhythm as a result of 
drastic changes in the composition of Ringer’s solution and had to be
rejected. How eve 20 series of acetylcholine solutions were
successfully tested on 5 hearts stabilised on modified Ringer’s 
solutions involving several changes in the composition. The results of 
these experiments are summarised in Table 6. Since there was no 
remarkable change in thg sensitivity to acetylcholine from any of the 
several changes in the composition of Ringer’s solution further 
exoeriments were not conducted. These findings are in agreement with
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the results of many previous workers. A brief mention of the influence 
of these changes in individual components on cardiac activity and on 
sensitivity to acetyl recline is made b e l o w .  The concentration of 
individual ions is indicated in. terms of ml: concentration of the 
c c r s t i t u e n t  solid.
High Calcium Concentration
Increase in the concentration of calcium by (from 1.2 to 2.3 mM)— *7di'^  ret produce any change in the action of acetylcholine 10 ' (heart .
Doubling the calcium concentration (from i.l to 2.3 mM) with or without
simultaneous addition of srercse either mad* the heart Ipss sensitive
+ 0 acetylcholine 'Ve ^t l) or there w_s s.n increase in the effect of a
threshold concentration without any ctenge in threshold sensitivity or
ptcmp^ge concentration (heait 2 ). The duration of stoppage was, however,
longer when the calcium concentration was raised. On t^e other hand a
high concentraticr of calcium frequently brought about a gross
irregularity in rh;rt,hn an'^  many ^car+s had to be discarded because of
tUe grncp instcbili+y c^ record. Fig. and Uh illustrate +he
^«gularisation of rhythm on changing from the Ringer’s solution
(containing a high concentration of calcium (2.3 mM) to normal Ringer’s 
spi ution (calcium 1 .5ml:).
Low :^alcium Concentration
Reduction in the concentration of calcium to 255 (0.37 mM, heart 3) 
a'^ d to 755 (1.1 mil, heart 5) of normal concentration (i .5 mlî) did not 
change the sensitivity to acetylcholine ir these hearts. On the other 
hand the cardiac activity declined considerably resulting in lowering of 
all the parameters. This was expected on the basis of the well known
1 0 0
stimulâtiri;g effect of calcium on the heart heat.
Low sodium Concentration:
The effect of reduction in the concentration: of sodium
to ^0/c heart 3; of normal (l09 mil) by replacing it
with osmotically equivalent amounts of sucrose resulted in a
marked reduction in the blood pressiure and frequency of heart
beat. There was no cliau^ ;e in the sensitivity to acetylcholine.
The blood pressure and frequency of heart beat were quickly
restored to normal levels when the perfusion v;as changed back to
norma1 Ringer*s solution•
Low Potassium Concentrations:
A reduction in the concentration of potassium to 5^ /^
(1.9 mil) of normal was associated with an increase in the threshold
-7 _nsensitivity to acetylcholine from 10 to 10 in heart 4 but had 
no effect on the threshold sensitivity of heart 5* slight 
clianges in sensitivity of some hearts are liable to occur 
spontaneously, the slight increase in the sensitivity of heart 4 
was not considered significant.
High Calcium plus Low Potassium Concentrations and 
Low Sodium plus Low Potassium Concentrations:
The influence of increase in the calcium concentration: to 
I3O/J of normal with simultaneous reduction of potassium 
concentration to of normal did not produce any change in the 
sensitivity (heart 5)* Similarly a reduction in the concentration
ICI.
of sodium to S0% cf normal with a simultaneous reduction in potassium 
concentration to 5c5 of normal in the same heart also did not produce 
any change in the sensitivity to acetylcholine.
Sucrose, Glucose and Oxygéna
Addition of sucrose or glucose to the Ringer’s solution or 
oxygenation of Ringer’s solution did not produce any change in the 
sensitivity to acetylcholine. Addition cf sucrose slightly slowed the 
heart. There was an associated increase in the force of contraction 
(as evidenced by increased pu3.se pressure and rise in systolic pressure) 
possibly because of greater diastolic filling. The osmotic influence of 
sucrose may be responsible for these effects.
FROGS DETECTED IVITH 1 %  LE SEX HORMONES ;
SENSITIVITY CF HF'iRTS TO ACETYI.CHCLINE
Cestradiol
As mentioned in the section on Methods oestradicl was suspended 
in Ringer’s solution and was injected intraperitonially or in the 
dorsal lymph sac in daily divided doses over a period of 3 to il days.
The total dose of cestradiol ranged from O.OCH mg. to 1,5 mg. (Table 7), 
Experiments were conducted on the hearts of 22 injected frogs in.
1960-1961 to test the sensitivity to acetylcholine. The results of 
these experiments are given in Fig. )i5. Of the 22 hearts 6 were 
highly sensitive (sensitive to 10 '  ^ or still lower concentrations), 
h showed medium sensitivity (sensitive to ic"^) while the remaining 
12 were relatively insensitive. The injected frogs received varying 
total dosage of cestradiol as a trial. The results given in Fig. hS
1C2.
suggested that the Incidence of high sensitivity and the degree of 
sensitivity to acetylcholine was higher in the hearts of those frogs 
which received large doses of cestradiol. Therefore, experiments 
on' the hearts of 7 other frogs injected with large doses of cestradiol 
(Table ?) were conducted in June (I96I) when the hearts were expected 
tc^relatively insensitive to acetylcholine. Control experiments on 
the hearts of 7 uninjected frogs were also conducted alternating 
with the experiments on the hearts of injected frogs, Cf the 7
-9hearts of uninjected frogs 3 were sensitive to acetylcholine 10 and 
h to 10 ^ . Five of these 7 hearts were stopped by 10  ^while the 2 
remaining hearts required still higher concentrations for stoppage. 
Thus the heart of none of the 7 uninjected frogs was highly 
sensitive. Among the 7 hearts of oestradicl injected frogs, 2 were in 
the high sensitivity range (Table 7) but the difference between 
the incidence in these two groups was not statistically significant.
'lien the results of experiments on the hearts of all the 29 
cestradiol injected frogs (22 of I96O-I96I and 7 of June I96I) 
were considered together the incidences of medium^an :^high sensitivity 
was 175, 2U5 and l|.l:b respectively. The corresponding values 
estimated previ.ously for the hearts of uninjected frogs were 275, 
l h % and hlyô. However, these differences in the incidence of 
different degrees of sensitivity between the hearts of injected 
and uninjected frogs also were not significant statistically.
There was also no positive or negative correlation between the
1C3.
total dose of oestradiol and the incidence of high sensitivity 
to acetylcholine. Oestradicl pretreatment also produced no 
change in the concentration needed to stop most of the hearts. 
Direct experiments in which the hearts were perfused with Ringer's 
solution containing cestradiol 2.5 mg/lOO ml, showed no change in 
the threshold sensitivity to acetylcholine. The heart rate 
decreased slightly and occasionally there was a slight increase 
in the response to an effective concentration of acetylcholine 
during cestradiol perfusion (Fig. l|.6), but this could be due to 
some other factor like minor spontaneous change in sensitivity.
It can,therefore,be concluded that cestradiol pretreatment on the 
whole does not influence the sensitivity to acetylcholine.
The record of all the 2R frogs injected with cestradiol 
is summarised in Table 7. Weights before and after treatment with 
cestradiol were recorded for 23 frogs of which 16 were male and 
7 female. The weight increased after oestradicl treatment in 15 
frogs (11 male and U female) and decreased in S (5 male and 3 
female). No correlation between the dose of oestradicl and the 
absclute or percentage increase or decrease in the weight can be
i c h .
obtained statistically either for individual sezc or for both 
sexes together. As the influence of oestradiol on the weights 
of frogs was not being investigated specifically, the other factors 
which could influence the weight were not controlled. This 
seens to be mainly responsible for the absence of any correlation. 
However, the only possible explanation of the increase in the 
weight in some frogs can be water retention due to oestradiol 
injections as these frogs lived in tap water during the period 
of injection. There was nc relationship between the increase 
or decrease in the weight and sensitivity to acetylcholine.
Prores berone:
Progesterone was injected in daily divided doses in the 
sane way as oestradiol over a period of 3 to 4 days. The total 
dose varied iron I .5 to 5 if..* The ex périment 3 on the hearts 
of progesterone injected frogs are summarised in Table 3. Of the 
7 hearts, 6 shelved an increasecid 1 showed a decrease in the 
weight after the injections of progesterone. The absolute or 
percentage increase in the weight, however, does not correlate 
statistically with the dose possibly because of the same reasons 
as have already been discussed in the case of increase in the 
v;eight due to injections 01 oestradiol. The increase in the 
weight of progesterone treated frogs like those of the oestradiol 
treated frogs could only o:* 'ug to retention of water as the 
progesterone injected fro, c algo lived in tap water. The heart 
of the first frog ( iable G ) v/ais tested in Fe'jru'ary 1961.
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February has been shown to be the month characterised by the
occurrence of highest sensitivity to acetylcholine. This was a
male frog. It may be recollected here that the two most
highly sensitive hearts among the hearts of uninjected frogs
were also from male frogs and were encountered in the month of
February - one in 19o0 and another in 1961. Hence the high/
sensitivity of the heart of this frog can be explained on this 
basis. The hearts of the remaining 6 frogs were not affected 
at all by progesterone treatment. Even if the heart of frog 1 
is included in the calculation of the incidence of high sensitivity 
amonp the hearts of these 7 frogs, the incidence would be 14«29u 
which is the average incidence of high sensitivity in the hearts 
of iin'.njected frogs throughout t e year, -hese considerations 
lead to the conclusion that progesterone pretreatment did not 
influence the sensitivity of frog hearts to acetylcholine. 
Oestradiol + Progesterone:
Oestradiol in the morning and progesterone in the evening 
were injected in daily divided doses over a period of 4 days to 
test if a synergistic effect of the two could influence the 
sensitivity of the hearts to acetylcholine. 1\yo frogs (l male 
and I female ) were injected and tested in September 1961. Each 
frog received a t($il dose of 9 mg. of oestradiol and mg of 
pnO^usterone. There was a decrease in the weight of both frogs 
after the coiurse of injections. Since there was no dramatic 
change ii the sensitivity to acetylcholine and since oestradiol
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and progesterone indirldnally also did not produce any remarkable 
change in the sensitivity of the hearts to acetylcholine, no further 
63Eperiments appeared useful.
ACTION OF AGETÎLCHOLINE
Nature of Action of Acetylcholine
A clear excitatoxy effect of acetylcholine at any concentration, 
within the very wide range of concentrations tested, was never obtained. 
Occasionally there was a transient rebound type of increase in the heart 
rate and/or amplitude during the recovery of the heart from the 
inhibitory action of an effective concentration of acetylcholine. The 
rebound increase in the heart rate was more common. Where the rebound 
increase in rate was considerable the axoplitude of beat decreased.
During this rebound phase acetylcholine was being washed out of the 
heart by the normal Ringer's solution from the reservoir. These rebound 
changes in the cardiac activity never eccurred during the course of 
the perfusion with test solutions of acetylcholine at ihich time the 
heart was actually exposed to the drug. Such rebound changes are 
likely to occur after inhibition by any depressant drug. They were as 
liable to appear after stopping concentrations as at any other effective 
concentration. These rebound changes are illustrated in Bigs. 26, h7s 
U8, U9, 50. In this work, therefore, the action of acetylcholine 
was always inhibitory.
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CONCENTRATION-RESPONSE RELATIONSHIP OF ÎROG HEARTS TO AGETILCHOLINE
Each concentration of acetylcholine was usually tested for a 
uniform duration of 2 minutes# The maximum effect of all concentrations 
was visible within this period# Prolongation of administration for more 
than 2 minutes did not show any further increase in the effect, 
indicating that the magnitude of response was related to the 
concentration rather than to the total dose# Therefore,the use of the 
term 'concentration-response relationship ' was considered more 
appropriate than 'dose-response relationship ' #
Concentration-response relationship in hearts with a low sensitivity.
In experiments with series of acetylcholine covering a wide range 
of concentrations, obtained by diluting in steps of 1 in 100 (Fig# 8A) 
it was seen that acetylcholine 10**^  g/ml influenced all hearts (Fig# 38), 
most of them being actually stopped by this concentration (Fig. 35). The 
next lower concentrations tested in these experiments was 10*^ g/ml which 
was ineffective in about 60^ of the hearts# It was obvious that these 
hearts responded to a narrow range of concentrations and that the 
minimum effective concentration was somewhere between 10*^ and 10**^  g/ml, 
the latter concentration always producing either a powerful inhibition or 
actual stoppage# Because of this relatively narrow range between 
minimum effective concentration and stoppage concentration, it was 
necessary to test a large number of intermediate concentrations between 
10 and 10  ^g/ml to elucidate the form of the concentration-response 
curve# A series of experiments of this type were conducted on 17 hearts
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during July and August# As expected the hearts during these months
were not highly sensitive, the minimum effective concentration being 
—9 —9between 10 and 5 z 10 and the stopp age cone nitration being between 
10*^ and 5 X 10**^  g/ml in most of these hearts (Fig. 39) •
The mean arterial pressure, the cardiac output and the heart rate 
were all inhibited at the minimum effective concentration and at other 
higher concentrations, the effect being more pronounced on the mean 
pressure and output than on the heart rate# Changes in the mean pressure 
and output are due to a combination of effects on both the frequency 
and the force of contraction# It was not possible to separate the 
precise contribution of change in frequency and change in force#
However, inhibition of pulse pressure gave a fair estimate of inhibition 
of force of contraction i#e# action on the cardiac muscle#
The change in the frequency of heart beat indicated alteration in 
the activity of the pacemaker (the sinus venosus being the normal 
pacemaker in the frog heart) or interference with the conduction of 
impulses from the pacemaker to the ventricle# Evidence of conduction 
block was provided mainly by the trace of arterial pressure in which 
dropped beats were clearly seen during partial block# A discontinuity 
in the smooth change in the traces of heart rate and output provided 
additional confirmatoiy evidence# Cosplete conduction block was 
commonly preceded by a partial block produced by lower concentrations#
A sudden drop in all traces to zero (taking into account the time 
constants of decay in the rate and output recording systems) without a 
preceding gradual reduction in pulse pressure was taken as evidence of 
conplete block# If, when the heart restarted, the pulse pressure was
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initially very small this indicated that almost complete inhibition of 
the cardiac muscle had occurred in addition to the couplets conduction 
block# If the pulse pressure of the initial beats during recorexy was 
considerable, however, this indicated that complete block had occurred 
at a concentration insufficient to produce complete inhibition of the 
muscle. Frequently, the degree of inhibition of the muscle produced by 
a concentration sufficient to cause complete block was apparent before 
the block occurred (Fig. 18). In these cases the values of mean arterial 
pressure and output at the moment of onset of complete block have been 
indicated on the graphs by small circles.
Typical forms of concentration-response curves for cardiac output, mean
arterial pressure and heart rate
Fig. lUa illustrates the typical response of a heart to increasing
concentrations of acetylcholine. The inhibitory effect on cardiac
output and mean pressure increased gradually and progressively as the
concentration of acetylcholine increased from 10*^ to IÇT^ g/ml. At 
•35 X 10* g/ml there was a sudden increase in the effect on these parameters 
but further increase ip to 10* g/ml produced no substantial increase in 
the effect, indicating approach to a maximum effect in the range of 
concentration between 5 x 10*^ and 10*^ g/ml (plateau effect) before the 
heart finally stopped at 5 x 10*^ g/ml (100% inhibition)# Also note the 
marked initial reduction in the pulse pressure at 10*^ g/ml indicating 
considerable inhibition of cardiac muscle before the rate was much 
affected. The ratemeter was actually not triggered when the pulse pressure 
was very small. Hence the initial ste^ fall in the rate trace does not 
represent a genuine change in rate.
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The effect on the heart rate Increased smoothly and progressively 
from 10*^ to 5 X 10*^. Stoppage of the heart at 5 x 10*^ was 
very sudden suggesting conplete conduction block, but the possibility 
of coincident cosplete inhibition of cardiac muscle cannot be excluded 
in this case#
The actual values of percentage inhibition of different parameters 
are plotted in Fig. 13b. The continuous lines represent the 
concentration-response curves. Occurrwce of couplets conduction block 
Is indicated by continuous vertical arrows while the dotted vertical 
fiUTows indicate the onset of partial conduction block. The curves for 
the output and mean pressure are 'S' shaped# The upper limb of the 'S' 
represents a tendency to reach a plateau near the stoppage concentration. 
The concentration-response relationship for the heart rate is curvilinear.
The 'S' eh#pe of the concentration-response curves for the mean 
pressure and ou^ut, and the curvilinear shape for the heart rate 
represent typical forms. Figs. 1 %  and 19a (filled circles) show the 
same forms of curves in two other hearts. Part of the record of the 
heart whose concentration-rsQ)onse curves are presented in Fig. 19a 
(filled circles), is shown in Fig. 17c. Note the plateau effect on 
cardiac output and mean pressure coincident with marked inhibition of 
cardiac muscle and some interference with the conduction process#
However., these typical forms of curves were not seen in all 
hearts# Ih many hearts an underlying similar form was probably present 
but was modified as considered below. Since the curves for mean pressure 
and output were similar and since most of the evidence regarding 
inhibition of cardiac muscle was derived from the record of the arterial
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pressure (the record of output giving confirmatoiy evidence), the 
modifications in the curve for mean pressure only are described, 
but in general what applies to the curve for mean pressure also applies 
to the curve for output#
Modifications in the concentration-response curves for mean arterial 
pressure
The typical 'S' shape of curves for the mean pressure resulted 
from the tendency to reach a plateau coincident with marked inhibition 
of cardiac muscle near the st<ppage concentration i#e# near 100% 
inhibition. Two basic changes occurred either together or separately 
which gave rise to modifications in the typical curves#
1. Early onset of couplets conduction block i#e# occurrence of block at 
a concentration at which the cardiac muscle was not very powerfully 
inhibited# Due to the sudden onset of conplete block all parameters 
suddenly dropped to the level of 100% inhibition#
2. Tendency to reach a plateau at lower levels of inhibition than 
100%.
The curve for mean pressure in Fig# 1 ^  shows the onset of conplete
conduction block at 10*^ g/ml when the curve was tending to reach 100%
inhibition inplying full inhibition of cardiac muscle in the absence
of block# Fig# 13c shows that the curve for mean pressure was tending
to reach a plateau at a level of about 90% inhibition in this heart,
but the onset of conplete block resulted in an abrtpt fall of arterial
pressure to zero#
The tendency to reach a plateau at still lower levels of inhibition 
was seen in some hearts. Pigs. 1%, 2Cb, and 20e show the formation
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of a plateau on the curves for mean pressure (filled circles) at 
about 80% inhibition in three different hearts# The record of the 
heart whose concentration-response curves are shown in Figs# 1 %  and 
20b (filled circles) are shown in Figs# 17a and I8a, respectively#
The formation of a plateau on the curves for mean pressure at still 
lower levels of inhibition in other hearts is seen in Figs# 13a, l5c 
and 20a# In all these instances the development of a full 'S' shape 
of the curve was prevented by the occurrwce of conplete conduction 
block as if the block sectioned off the curve at different places in 
different hearts#
ofModifications in the concentration-response curves^heart rate
The typical curvilinear concentration-response relationship
for heart rate was seen in 11 out of 17 hearts# In the remaining
hearts the typical form of the curve was modified by the occurrence
of conduction block. Partial heart block at any concentration
resulted in a sudden drop in the heart rate (e#g# to half its former
value in 2ll block) which produced hunps on the curves at different
levels of inhibition in different hearts. Fig. I6c shows part of the
record of the heart whose concentration-response curves are shown in
Fig# 20a (filled circles) and illustrates different degrees of partial
block at 10 and transient conplete block at 1.5 x 10 g/ml# The
production of a hunp on the curve for heart rate due to partial block
is well illustrated in Fig. 2Gb (filled circles)# Partial heart block
appeared to explain the hunp on the heart rate curve in all cases except 
one where definite evidence of partial block was not visible# Sudden
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occurrence of complete block (Figs# 13a, l5a) or the occurrence of
partial and conplete block in succession (Fig# 2C^) gave rise to a
shaip angularity in the curve for heart rate# Conplete conduction
•8block occurred in all 17 hearts at concentrations between 5 x 10* 
and 5 X 10*^ g/ml#
Electrocardiographic studies would be necessary for determining 
the actual 8ite(s) of conduction block at different concentrations 
and also for determining the exact nature of block#
Ihter-relaticnship between concentration-response curves for heart
raté and mean arterial pressure
At lower concentrations the reduction in the pulse pressure is not
obvious and it is not possible to separate exactly the effect of change
in the heart rate from that of change in the force of contraction on
the Mean arterial pressure# However, the degree of reduction in mean
pressure and output was much more pronounced than can be accounted for
by the small decrease in the heart rate, the conclusion being that
the force of contraction must have been inhibited as well# Inhibition
of force of contraction was clearly visible in the form of reduced
pulse pressure at higher concentrations#
The heart rate and mean pressure were powerfully inhibited at
concentrations between $ x 10*^ and 5 x 10*^ g/ml and as already
mentioned conduction block also occurred over the same range of
concentration. However, in individual hearts the action on the
cardiac muscle (as judged from the reduction in pulse pressure and
also from the magnitude of reduction in mean pressure and output) and 
on the heart rate (indicating action on the sinus venosus, the normal
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paceioaker, in the absence of interference with conduction) over this 
range of concentrations could occur in any sequence.
In some hearts there was a considerable inhibition of cardiac 
muscle long before (i.e. at lower concentrations) there was any 
marked effect on the heart rate (Figs. 13b and t and 1^). In other 
hearts there was a marked inhibition of heart rate before there was 
any evidence of a marked inhibition of cardiac muscle (Fig. l5c). Only 
occasionally the concentration-re^onse curves in a heart showed 
almost a parallel effect on the sinus and the cardiac muscle (Fig. 20c 
filled circles).
Since the range of concentrations over which complete muscle 
Inhibition and coiqplete heart block occur is the same, both effects 
are likely to occur coincidently (Pig. 17a and b), but if the couplets 
block comes suddenly the muscle inhibition may be masked (Fig. I8a).
If aouplete block occurs late (i.e. at a higher concentration) and 
the inhibition of cardiac muscle has been progressive without any 
tendency to reach a plateau at lower levels of inhibition, the full 
'S' shgpe of the curve for mean pressure is seen. If the complete 
block occurs early (i.e. at lower concentrations) the portion of the 
'S' curve on the right side of the concentration: at which the block 
occurs is not seen.
In those hearts in which the conplete block occurred at a
concentration at which the mean pressure and output were inhibited
by about 90% (Figs. 13c and l$a) it can be assumed reasonably that
the typical full form of the 'S' shape would have been displayed 
eventually but for the occurrence of block. In the case of hearts
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In which the mean pressure appeared to attain a plateau at about 
UO to 80% inhibition before the onset of block, such an assunption 
does not seem justifiable because the level of the plateau shows 
that the cardiac muscle in these hearts might not have been cospletely 
inhibited at any concentration. On the other hand it appears most 
unlikely that there could be any basic difference in the behaviour of 
the hearts and if the cardiac muscle in some hearts can be inhibited 
completely, it should be inhibited in all hearts at some concentration. 
An indication of the true state of affairs wsls provided by the 
concentration-response curves of a few hearts in which the tendency 
to reach a plateau was followed by a phase of sudden increase in the 
inhibitory action on the muscle leading to conplete stoppage with 
(or without) coincident conduction block (Fig. 19b).
CONCENTRATION-RESPONSE CURVES IN THE PRESFNCE OF ESERINE
Five litres of Ringer's solution was divided into two parts.
To one eserine was added to obtain a final concentration of between 
10*^ and 10*^ g/ml in different esperiments. Two series of solutions 
of acetylcholine were prepared concurrently from the same ampoule of 
solid, one in eserinised Ringer's solution (eserinised series) and the 
other in uneserinised Ringer's solution (uneserinised series) using the 
dilution procedure illustrated in Fig. 8g. All glassware including 
pipettes, burettes, flasks and reservoir was quite'separate for the 
eserinised and uneserinised solutions.
The heart was first perfused continuously with uneserinised 
Ringer's solution and the uneserinised series was tested. Later
the heart was perfused with eserinised Ringer's solution for about 
30 minutes and then the eserinised series was tested. Both series were 
tested within an hour after preparation. In this way the action of 
ace^rlcholine in the absence of, and in the presence of, eserine was 
compared in 6 hearts.
Perfusion of the heart with eserinised Ringer's solution resulted 
in a slight decrease in the heart rate with an associated increase in 
the cardiac output, arterial pressure and pulse pressure suggesting 
slight increase in the force of contraction. This is in agreement with 
the previous findings where the amplitude of contraction was recorded 
directly (Pathak, 1958 d).
Figs. 17a and b illustrate the action of increasing concentrations 
of acetylcholine in the absence (Fig. 17a) and in the presence (Fig. l?b) 
of eserine in the same heart. The effect of concentrations lower than 
5 X 10 g/ml was smaller with the eserinised series than with 
corresponding concentrations of the uneserinised series, while in 
greater concentrations the eserinised solutions were more effective.
At a given concentration, the onset of effect was more gradual, 
and the rate of recovery was almost two times slower, in the presence 
of eserine (Fig. 17b) than it was in the absence of eserine (Fig. 17a). 
The stoppage concentration was lowered in the presence of eserine from 
2.5 X 10"“’ to 1.5 X 10“’ g/ml.
Figs. 18 a and b show the record of another heart with similar
features. In the absence of eserine (Fig. I8a) partial block occurred
at 5 X 10 , 7 #5 X 10 and 1.5 % 10 g/ml. The normal rate in this
heart was unusually high and the individual excursions in the trace of
117.
arterial pressure were very close to each other. Photographic 
reduction has brought them still closer. Hence the evidence of 
partial block which is veiy clear in the original record, has been 
almost completely masked. The curves for this heart are shown in 
Fig. 20b which illustrates the production of a hunp on the curve for 
heart rate due to partial block. Ih this case the stoppage concentration 
was lowered by eserine from 2.5 x 10*^ (Fig. 10a) to 10 ^ g/ml (Fig. 1%) 
eiaply by potentiating the occurrence of conplete conduction block.
Figs. 19 and 20 show the concentration response curves of 5 
hearts in the presence of eserine (crosses with discontinuous 
connecting lines) and in the absence of eserine (filled circles with 
continuous connecting lines). The concentration-response curves for 
the heart whose record is illustrated in Fig. 17 a and b are shown in 
Fig. 19b while the curves for the heart whose record is illustrated 
in Big. 18 a and b are shown in Fig. 20b.
It is clear from Figs. 19 and 20 that the minimum effective 
concentration with the eserinised and uneserinised series of 
solutions of acetylcholine was the same, indicating that eserine 
produced no change in the sensitivity of hearts to acetylcholine.
Conplete conduction block occurred at a lower concentration in 
the presence of eserine (thus lowering the stoppage concentration) in 
all hearts (as seen in Figs. 19 a and b and 20 a and b) except in one 
in which the conplete block actually occurred at a higher concentration 
in the presence of eserine (Fig. 20c).
Besides potentiating the occurrence of conplete block, eserine 
also greatly potentiated the inhibition of heart rate (i.e. the
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effect of acetylcholine on the pacemaker) shifting the concentration- 
response curves for heart rate to the left in U (Figs. 19 a and b 
and 20a and b) out of 6 hearts. However, the form of the curve for 
heart rate remained unaltered in the presence of eserine.
Potentiation of the action of acetylcholine on the mean pressure and 
output was observed in only one heart (Fig. 20a). In another heart 
(Fig. 20e) there was no evidence of any potentiation at all, while in 3 
out of 6 hearts there was actually less inhibition of these parameters 
with low concentrations of acetylcholine in the presence of eserine 
(Figs. 19a and b). Since the heart rate was potentiated in these latter 
three hearts, the decreased inhibition at lower concentrations seems to 
inply a decrease in the action of acetylcholine on the cardiac muscle 
in the presence of eserine. This difference in the action of acetylcholine 
has already been illustrated in Fig. 17a and b. The reduction in the 
action on muscle was not related to the concentration of eserine. Both 
series were prepared concurrently and tested within 0.5 hr of each other
and it is most unlikely that the decrease in the action of acetylcholine
is due to such factors as hydrolysis of solutions or change in the 
response of the heart.
The curves for the mean pressure and output were modified by eserine,
the concentration response curves now adopting a curvilinear shape in 3
out of 6 hearts* These were, in fact, the same 3 hearts in which the
action of low concentrations of acetylcholine was less in the presence
of eserine. The conversion of the 'S' or related shape into a
curvilinear shape, therefore, seems to be due to;
1# Decrease in the action of acetylcholine at lower concentrations
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shifts the initial part of the curve to the right.
2. Decrease in the concentration required to stop the heart shifts 
the tpper part of the curve to the left and accounts for the 
crossover of the two curves.
CONCENTRATION-RESPONSE RELATIONSHIP IK HIGHE2 SENSITIVE HEARTS
Khen a heart was found to be highly sensitive to acetylcholine
principal attention was paid to establishing beyond question that
the effect of a given low concentration was genuiae. For this purpose
r^etition of tests with a limited nunber of concentrations at frequent
intervals, under carefully controlled experimental conditions, with
solutions of several completely different series (prepared from separate
ampoules of solid) was necessary.
In these hearts a wide range of concentrations (from 10*^ to 10**^ ^
or still lower concentrations) was tested, the difference between two
successive concentrations being 100 times (Fig. 8M. Straight lines
drawn through points showing values of percentage inhibition simply
illustrate the pattern of re^oxise to increasing concentrations. For the
sake of description they have been called concentration-response curves.
Since the injection of female sex hormones did not produce any change in
the response of hearts to acetylcholine, all highly sensitive hearts are
considered together.
The typical concentration-response curves seen in less sensitive
hearts were observed only in a few highly sensitive hearts. Fig. 51
illustrates the record of a heart in which concentrations ranging from 
10*^ to 10*^ g/ml produced increasingly greater inhibition. The actual
IZO,
stoppage concentration vas not ascertained# The corves in this heart
for all parameters were curvilinear (Fig# $%)#
hécurtConeentration-response curves of another ^shoved similar features 
(Fig# 52a)# In this heart two different series were tested# Tests with 
one series conducted when it was 2U hours old showed considerable 
hydrolysis of acetylcholine (triangles)# The other series was tested 
twice once when fresh (filled circles) and a second time when 8 hours 
old (open circles)# In this heart the effect at 10*^ and 10*^ g^ml was 
almost equal with fresh and with old solutions# Fig# 53 is the record of 
some of the tests with 6 hours old solutions showing equal effect at 
10*^ and 10*^ g/ml# In some diçlicate tests (not shown in Fig# 53) with 
the 8 hours old solutions conducted at different times partial conduction 
block occurred at 10*^ g/ml which accounts for the higher position of 
some open circles (inverted vertical arrow)# The equal effect at 10*^ 
and 10*^ g/ml suggested a tendency to attain the plateau as seen in 
hearts with a low sensitivity# The curve for the heart rate does not 
show a full curvilinear form presumably because concentrations higher 
than 10 ^ g/ml were not tested# This again illustrates that the action 
on the cardiac muscle and on the pacemaker may not be parallel#
In the majority of highly sensitive hearts the curves had a different 
form# Comparison of curves of hearts with a low sensitivity (Figs# 13^
15> 19 and 20) and of highly sensitive heairts (Figs# 52^ 5U and 55) 
leads to the following ènnclusions •
1. The steep part of the curvilinear form seen in less sensitive
hearts is also present in the hi^ily sensitive hearts but instead
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of being United between $ x 10*® and $ x 10*^ g/ml it TO.C0ï€50ver 
m wider range (I.e. between 10*^^ and 10*^ g/ml) . However# in 
individual hearts it is still limited to a narrow range of 
concentraticms. Fig. ^ o  shows the curves for a heart in which the 
steep part lay in the concentration range between 10*^^ and 10*^^ 
g/ml. This was confirmed by testing the different
In other hearts the eteep part was seen at other positions. Di 
those hearts in which 10*^^ was the stoppage concentration# it lay 
in the concentration range between 10*^^ and 10*^ g/ml# but 
never at still lower concentrations.
Although the steep part in some highly sensitive hearts lay at 
very low concentrations# a number of highly sens!tivs hearts still 
had the steep part between 10*^ and 10*^ g/ml as seen in Figs. 5Î#
5 ^ and %  i.e. although the minimm effective concentration was vexy 
low that required to stop the heart was of the aame order as in the 
less sensitive hearts #
2. The initial part of the coneentration-response curves in highly 
sensitive hearts shows many variations.
(a) A hur^ tsas usually present on the initial part of the curve for 
all parameters. Unlike the less sensitive hearts# in th# highly 
sensitive hearts the huzq> on the curve for heart rate was not due 
to partial conduction block#
(b) The concentration corresponding to the peak on this hWQp varied 
from heart to heart# but the position of the peak on the curves 
for all three parameters in any one heart was the same#
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Fig. 52c shows the concentratlon-respozise curves of a heart in which 
acetylcholine 10*^ g/ml produced a marked inhibitory effect on the 
mean pressure and output. The next hi^er concentration (i.e. 10*^ g/nl) 
produced a smaller effect. The position of the peak at 10*^ was 
confirmed by duplicate tests. In this case there was no hung) on the 
heart rate.
Fig. 5Ue is an exang>le of a heart in which repeated tests with fresh 
solutions (filled circles) showed a marked effect at 10*^^ g/nl and 
10*^ g/ml stopped the heart. Further tests after 17.5 hours with the 
same series of solutions of acetylcholine starting with still lower 
concentrations (open circles) showed a peak of effect at 10*^^ g/iü.^
Fig. 5Ua shows a peak at 10*^ g/ml. This was checked repeatedly. 
The initial part of the record of this heart is presented in Fig. 56. 
Tests with the same solutions 2k hours later are shown with cg>en circles. 
Marked inhibition was again produced by 10*^ and 10*^ g/ml. The record 
of the heart whose concentration-rej^onse curves are shown in Fig. 5kb 
is presented in Fig. 57. Tests confirming the peak at 10*^ g/ml are 
shown in Figs. 58 and k7*
Fig. 55a represents the concentration-response curves of h heart
in which the peak on the huRg> was at 10 g/ml. This was conflxmed by
several tests with solutions of two completely different series. Figs.
59 and 60 are extracts from the record of this heart. Note the definite
inhibition produced by 10 g/ml and the marked inhibition by 10*^^ g/ml
of both series h and The possible explanation for the difference in
the effectiveness of corresponding concentrations of different series 
is considered later.
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In another heart whose coneentration-responee curvee are shown 
In Fig. 55b# three different series of solutions freshly prepared from 
separate an^ooLes were tested. Tests with series a (filled circles) and 
series b (triangles) showed a hnxgp with a peak at 10*^^ g/ml. Fig. 6l 
shows the record of the test conducted with solutions of series b# Tests 
conducted with series c (crosses) after many hours showed greater effect 
at 10*^^ g/ml and 10*^^ g/ml and the heart was now stopped at 10*^^ 
g/ml due to the intervention of conplete conduction block when the 
muscle itself was not greatly affected (Fig. 62). Some irregularity 
in rhythm was also produced by other solutions i.e. 10*^^ t and 10*^^ b.
The cone entration-response curves of the most highly sensitive
heart are shown in Fig. 55;. Part of the record of this heart has
already been presented in Figs. 32 and 33. Fig. 32 showed that
acetylcholine 10*^^# 10*^ and 10*^ g/ml produced progressively
increasing and very gross inhibitory effects. Repetition of the tests
with the complete range of solutions of the same series (i.e. series a)
several hours afterwards showed a considerable change in the effectiveness
of acetylcholine and there was a hump with a peak at 10*^^ g/ml (Fig. 63).
When two other series (b and c) were tested several hours later still#
the hunp had shifted to lower concentrations and the peak was now at
10 g/ml with series b and at 10*^^ with series c (confirmed by three
tests) and 10*^^ g/ml of series c produced a definite inhibitory effect
(Fig. 33). Thus it ^pears that the position of the husp in this heart
was chai^g rapidly with time. Also note that the action of acetylcholine
was more marked on the mean pressure and output (indicating involvement 
of cardiac muscle) at lower concentrations and the steep part of all
curves remained between 10 ^ and 10 ^ ^ml#
The effectiveness of corresponding concentrations of two or more 
series of solutions in one heart was remarkably similar# However# in 
some cases especially in highly sensitive hearts where vexy low 
concentrations were involved# a difference in the effectiveness of 
corresponding concentrations of different series was observed. Some 
degree of hydrolysis could be a possible explanation but this is least
likely because very low concentrations were effective and the peak of
iûi/T fiweeffect usually moved/to lower concentrations rather than to the higher 
concentrations. In fact this difference cannot be attributed to any 
single factor. It is possible that a combination of some of the 
following factors may be responsible for it.
1. The + 5% difference in the weight of the solid acetylcholine 
chloride contained in different ampoules was likely to give 
rise to a 10% difference between corresponding concentrations 
of two series prepared from separate anpoules.
2. The responsi^"'veness of the heart to the same concentration 
usually varied within a limit of about ^  $% but could be greater 
in some cases.
3. Possibility of variation in the actual molecular concentration 
of acetylcholine in very high dilutions prepared by a similar 
process from different stocks.
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VARIATION IN RESPONSE TO THE SAME CONCENTRATION OF THE SAME SERIES
OF ACEnXCHOUNE SOLUTIONS
The variation in response of individual hearts to repeated tests with 
the same solution within a short time of one another is best seen in Pigs# 
52# 5k and 55 showing the coneentration-response curves of highly sensitive 
hearts# The information is summarised in table 2# The maximum scatter in 
repeated tests was usually within ; 5% of the mean value and was vexy often
less than + 3% (see records in Figs. 21# 27# 28# 59 and 6o). Greater
dutscatter in some cases was^to occurrence of conduction block in some 
tests and not in others (Fig. 52a).
If the tests with the same solution were s^arated by a much longer 
period (e.g. 6 hours or more) there could be a greater scatter in the 
values presumably due to a change in the responsiveness of the heart (see 
records in Figs. U7# 57# 58 and curves in Figs. 5Ua and b and 5%)#
However a change in the responsiveness of the heart with time was frequent­
ly absent even when two tests were separated by 17 hours (Fig. 5kc) or more 
Ih general a + 5% scatter in the values in response to the same con­
centration was possible. A greater scatter was rare. This degree of 
scatter in the values is not sufficient to explain the decrease in the 
effect of acetylcholine at some intermediate coneentration(s ) between the 
minimum effective and stoppage concentrations as observed in many highly 
sensitive hearts (see concentration-response curves in Figs. 52c, 5Ua# b# 
and c and 55a# b and c and also records in Figs. 57# 59# 60# 61 and 63) 
especially if it is borne in mind that each successive concentration was 
100 times greater than the preceding one. The decrease in the action of
acetylcholine at intermediate concentrations# therefore# appears to have 
some different explanation not understood at present.
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ADRÜTALIiiE.
Sensitivity to Adrenaline;
A systeniatic study of the influence of different concentrations
of adrenaline \7as conducted on the hearts of 22 frogs. these
include 3 uninjected frogs and 19 out of those 22 frogs v/hicli
were injected wit oestradiol in I96C-I96I to test sensitivity
to acetylcholine. Since there was no appreciable difference in
the threshold sensitivity bo adrenaline between the hearts of
uninjected (fable lO) and the injected (fable 11) frogs, no further
experiments were conducted on uninjected^ rogs. fhe intensity 
“7 -Sof effect oi 10 and 10 ' appears to be ç^reater in the hearts 
of injected frogs than in the hearts of uninjected frogs but the 
two series are not sbrictly comparable because of the disproportion 
in the number of hearts, fhe experiments were not designed to 
test clianges in the intensity of action of effective concentrations 
but were planned to test tne influence of oestradiol on the 
incidence of sensitivity at different concentrations of adrenaline. 
However direct perfusion with a suspension of oestradiol in 
Hin er’s solution containing; 25 iDg. of oestradiol /iCO ml produced 
no effect on the tlireshold sensitivity to adrenaline or on the
intensity of action of an effective concentration of adrenaline.
M ê üIn the heart 0 ^ 0  .0 of the injected frogs (frog I57 oestradiol 
perfusion actually reduced the intensity of response to adrenaline 
by 50/'^" thus there was ncy indication of any definite of
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oestradiol on the threshold sensitivity to adrenaline or intensity
of response to effective concentrations of adrenaline. The resultî
of all the 22 hearts from both injected and uninjected frogs,
therefore, can be considered together to evaluate the incidence
of sensitivity at different concentrations'"of adrenaline, ^ince
“7fev/ hearts were ct fee ted at concentrations less than 10 ,
tlireshold sensitivity at these lower concentrations has been
taken as high sensitivity. Of the total of 22 hearts (3 from 
uninjected and 19 from injected frogs) 1 from uninjected and 4 
from injected frogs showed a high sensitivity to adrenaline.
Thus the incidence of high sensitivity was about 22^% The heart of 
frog 2 (Table 11) showed sensitivity to 10 g/ml, the highest 
tlireshold sensitivity observed. Some hearts (4 out of 22) showed 
no effect.with lO"^. .Adrenaline lO"*^  was always effective in all 
hearts.
Action of Adrenaline:
Commonly the heart rate was primarily influenced by lower 
concentrations of adrenaline but in some hearts the rate and 
amplitude were simulta.neously involved the i--' effective
concentration. Of the 7 highly sensitive hearS3 (2 from 
uninjected and 3 from injected frogs) showed small inhibitory 
effects at concentrations lower than 10 '. In 4 of these 5 
hearts, the inhibitory effect was also observed at 10 • The
inhibitory effect was observed in the hearts of both male and
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female frogc of both oninjacted and injected series. Sesides 
the 4 highly sensitive hearts vdiich showed the inhibitory 
effect]^ one heart (frog 19» fable || ) showed a complete but 
transitory stoppage after initial stimulation at 1C • ITo 
inhibitory action vfas noticed at iO“^ in any of the %  hearts
including" the heart of frog 10 which showed a marked inhibitory
-7 . . -5effect at 10 (Fig.64)* Thus 10 always produced excitatory
effect. External administration of adrenaline to the outside 
of the henrt also occas|ionally produced inhibitory effect and 
sometimes the inhibitory ai^ d excitatory influences of adrenaline 
operated together pi'oducing narked oscillating effects on the 
heart rate, the amplitude of contraction and the associated 
para.ieters i.e. output and blood pressure (I'ig. 65)* These 
clianges could not be due to phasic or irregular absorption of 
adrenaline from the surface of the heart because the action 
of adrenaline takes a lon^ tine to wear off. Moreover the 
agnitude of reduction in the amplitude (pulse pressiue)during 
the inhibitory phases cannot be explained on the basic of 
wearing off of the action of adrenaline.
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FOIUDRZTAiniG.
Sensitivity to Horadrenaline:
IToradrenalirxe was studied in 21 hearts (3 from uninjected 
frogs and 18 from frogs injected with oestradiol). The injected 
frogs belonged to the same group of 22 frogs in which the sensitivity 
of the hearts to acetylcholine was tested and in 19 of vfhich 
the sensitivity of hearts to adrenaline was tested. The results 
on hearts of uninjected and injected frogs are given in Table 
12 and I3respectively. Since the threshold sensitivity to 
noradrenaline was similar in the hearts of injected and uninjected 
frogs more experiments on uninj ected^^frogs were not considered 
necessary. Also since oestradiol protreatment did not influence 
the sensitivity to noradrenaline the results of all the 21 frogs 
can be utilized for evaluatirg, the incidence of threshold sensitivity. 
Like adrenaline and for similar reasons, a tlireshold sensitivity 
to noradrenaline at concentrations less than 10 ^ g/nl has been
considered as high. Only 1 heart out of the total 21 hearts was
-11 -9 sensiti^/E to 10 and another to 10 the incidence of high
sensitivity to noradrenaline being about lOJ^ . It appears from
a comparison of Tables 12 and I3 tliat oestradiol treatment
might have increased the intensity of effect to noradrenaline
Actually the apparent difference in the results is not real
but is due to the difference in the number of hearts in the two
series. The intensity of effect at this concentration in the
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hearts of frogs, 14,15»!^ and I7 in which hi,gh doses of oestradü
vrere injected is similar to that in the heart of uninjected frogs*
m
Also direct perfusion with the suspension of oestradioly^^*inger’s 
solution containing 2p mg of oestradiol /lOO ml produced no 
effect on the response of hearts to noradrenaline. Hence it can 
he concluded that oestradiol pretreatment did not alter the 
intensity of action of noradrenaline.
Action of noradrenaline :
The heart rate was first involved quite commonly when nor­
adrenaline 77as’effective at lov/er concentrations. HoY/ever, in some 
hearts the amplitude of contraction v/as the first affected 
parameter at the minimum effective concentration of noradrenaline 
(Fig. 66). In the heart of frog 3 (Table I3) the rise in the 
rate of (the lowest effective concentration) was moderate
so tha'i the blood pressure and cardiac output also increased 
and the overall effect^therefore, was stimulation vrhile in the 
heart of frog 3 (Table 12) the rise in the rate air 10 
was considerable, resulting in a decrease in the cardiac output 
and blood pressure. In other hearts the rate and amplitude were 
simultaneously (L fee ted. The heart of frog 18 ('Table 13 ) stopped 
for a short time after showing initial stimulation at 10 . This
is the same heart wliich gave a similar response vfith adrenaline 
10"7 (Fig. 67)* A pure stimulation response from noradrenaline 
was observed at all concentrations in other hearts.
C O l T A R l S O n OF ACTIONS OF AIRHULHTE AND NORADRENALDTE 
A comparison of results of experiments on sensitivity of 
the frog hearts to adrenaline (Tables 10 and 11 ) and noradrenaline 
(Tables 12 and 15) indicates that the frog heart is almost equally 
sensitive to adrenaline and noradrenaline. The intensity of 
effect at different concentrations was greater from adrenaline than 
from noradrenaline (Figs. 66 and67)* The duration of effect^ on 
cardiac output and systolic blood pressure#of noradrenaline 
was greater and noradrenaline frequently produced a much more 
sustained rise in the diastolic blood pressure in comparison 
to the brief effect of the same concentration of adrenaline in 
the same heart. The latency of onset of effect of adrenaline 
was shorter and the peak of effect of adrenaline was also attained 
more quickly. Like adrenaline, noradrenaline also produced 
excitatory effect both on the inotropic and chronotropic responses. 
Commonly the chronotropic response was involved first during the 
action of both adrenaline and noradrenaline and lower concentrations 
of both frequently involved the chronotropic response primarily.
The positive chronotropic effect of adrenaline was about twice 
as great as that of noradrenaline. The greater increase in the 
heart rate during the action of adrenaline often resulted in a 
considerable associated decrease in the amplitude of contraction 
due to which the rise in the cardiac output and blood pressure 
was not maintained for a long time. Noradrenaline never produced
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a pure inhibitory effect whereas low concentrations of adrenaline 
frequently produced pure inhibitory effects. On the whole the 
stimulation produced by adrenaline v/as pTester tlian that produced 
by the same concentration of noradrenaline.
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5-HYDRCKYTRYPrAîvnNE
Sensitivity to 5-~h.ydrox.ytryptamine
5-hydroxytryptamine was tested on the hearts of I7frogs,
5 of T/hich were uninjected and I4 belonged to the same series
of frogs which were injected with oestradiol and tested for
sensitivity of their hearts to acetylcholine, adrenaline and
noradrenaline. The results of experiments on the hearts of
uninjected and injected frogs are given in Tables I4 and I5
respectively. Since the sensitivity of the hearts in injected
and uninjected frogs was of the same order, no further experiments
a/were considered useful on the hearts of uninjected^frogs. As 
done in the case of adrenaline and noradrenaline, the incidence 
of sensitivity to 5-hydroxytryptamine can be evaluated in the 
hearts of all the I7 frogs considered together. Also like 
adrenaline and noradrenaline, the threshold sensitivity to 
5-hydroxyt rypt am in e has been considered high at concentrations 
lovfer than 10 ^g/ml. Of the I 7 hearts 2 showed threshold 
sensitivity at 10  ^ (the minimum effective concentration observed 
for 5-hydroxytryptamine). Thus about 11^ of the hearts were 
highly sensitive. Oestradiol pretreatment had no effect on the 
sensitivity to 5-kydroxytryptamine.
Action of 5-hydroxytryptamine:
The chronotropic influence of 5-hydroxytryptamine was well 
marked in the hearts of both injected and uninjected frogs. The 
fall in the blood pressure and output as a consequence of marked 
acceleration was seen in many experiments. However, a positive
inotropic recense iras also obtained and the total effect vas 
a resultant of the chronotropic and inotropic influences* In 
the hearts of frog 7 and 12 (Table 15) a pure inhibitory effect 
vas noticed and in these two hearts the threshold sensitivi^ 
was higher than in all other hearts of injected and uninjected 
frogs* îlg* 68 illustrates the diphasic action of 5~bydrozytzyptamine 
on the heart of frog 2 (Table 15). The initial rise in the rate under 
the influence of 10*^ does not appear to be sufficient to explain the 
fall in the blood pressure and output because the second rise in the 
rate which is much greater was associated with no such fall. Also 
note the second fall in blood pressure when the second rise in the 
rate was actually declining# and the prolonged effect on rate. The 
rise in the diastolic pressure was proportionately always greater 
than the rise in the systolic pressure. At times only a rise in 
the diastolic pressure without any significant change in the systolic 
pressure was noted with higher dilutions. Fig. 69 is the retract 
of record of frog k (Table 15) and Illustrates this point* During 
the test perfusion with lO"^ g/ml there was a small increase in the 
heart rate* The increase in the diastolic pressure was much greater 
than the increase in the systolic pressure. The output increased 
as a result of increase in the mean pressure. The overall evidence 
suggests that the changes in other parameters were mainly due to the 
positive chronotropic effect* I&ider the action of 10*^ g/ml cmplez 
changes occurred in the arterial pressure; and output traces* The 
positive chronotropic effect was very marked. The fluctuations in
the pulse pressure probably Indicate a dual action on the force of
contraction. Fig, 70 illustrates the record of frog 7 (Table 15).
There was a graded increase in the inhibitory effect from increasing
-9concentrations of 5-hydroxytryptamine. The action of 10 is well 
marked. This was 1 of the 2 hearts of injected frogs which showed 
highest threshold sensitivity (minimum effective concentration 10*^) 
to 5-hydroxytiyptamine, There was no evidence of aiy change in the 
intensity of action of 5*hydroxytryptamine in the hearts of oestradiol 
injected frogs.
i36“
NICOTINE
Trial experiments with nicotine were conducted in the
hearts of 2 uninjected fro^s. Perfusion of each heart v/as
continued for 2 days and tests were conducted with several series
of solutions of nicotine on both days in each heart. The minimum
effective concentration observed was 10"^ g/ml. As this work
was not concerned with such hi^ ^^ h concentrations, no further
experiments were undertaken. Nicotine in a concentration of 
—3 /1C g/ml produced a marked negative c’nronotropic effect 
accompanied with an increase in the amplitude of contraction.
The magnitude of increase in the amplitude was far gTeater tlian
that which could be expected on the basis of increased filling
associated with the decrease in the frequency of heart beat,
suggesting an active augmentation of the amplitude. These 
findings arc similar to those reported earlier by the author 
(Pathak, 195%)' There was no alteration in the tlireshold 
sensitivity to acetylcholine when acetylcholine was administered 
along with ineffective concentrations of nicotine (concentrations 
lower than 10“  ^g/ml).
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S E L îS ir r / IT Y  OF SAÎ.S HEART 
TO DIK'^SRELlT SUBSTANCES.
The results of experiments on those hearts on which several 
substances were tested for tlireshold sensitivity are given in 
Cable 16. It has been mentioned already tlia,t sensitivity to 
adrenaline, noradrenaline and 5“hydroxytrypt,amine was regarded a; 
high at concentrations lower tlian 10 ' g/nl. The sensitivity
-9 .to acetylcholine was regarded high at concentrations oelow 10 g/nl 
These values of high sensitivities for different substances were 
adopted for the purpose of comparison. They were based on the 
| fact that the majority of hearts tested for sensitivity "to each
of these substances were not influenced at t ese concentrations. 
Using t lese criteria of high sensitivity it is seen from Table 16 
tliat a high sensitivity of a particular heart to one substance 
was not associated with a high sens it D/it y to other substances.
Only the heart of frog 4 '/as highly sensitive to 3 of the 
4 substances tested.
D I S U S S I O N
1 3 8 '
ACETYICHOLDŒ
Biological Significance of Effectiveness of Acetylcholine in lov 
Molecular Concentrations
It is clear from the results that very small quantities of 
acetylcholine can significantly influence the activity of some of the 
spontaneously-heating perfused frog hearts. However several possibilities 
which could vitiate the results should be considered and excluded before 
accepting the effect to be genuine. It has already been discussed at 
several places that the possibility of contamination was reduced to the 
absolute minimum. Minor variations in pH of solutions were shown to be 
insufficient to influence the heart and a systematic record of the pH of 
solutions was kept. Other factors such as artificial changes in the 
record due to obstruction to inflow of fluid or due to toxicity of tubing 
were well recognised. The frequent control perfusions, and the technique 
of ^bracketing* the effect of a low concentration between several controls, 
further increased the accuracy of results. There was no possibility of 
unrecognised changes in venous pressure or unrecognised changes in the 
record due to electronic artefacts.
Very strict precautions were undertaken to obtain reliable dilutions. 
Each flask was labelled beforehand. The shelves for preparing and keeping 
different concentrations were permanently labelled, Fkesh labelled flasks 
and fresh pipettes were used for each step of dilution. All glassware was 
clean and sterile. Hence the possibility of any unrecognised mistake in 
dilution procedure was remote. Besides the routine control perfusions, 
special methods of control were always en^lcyed when a heart was found 
to be responsive to low concentrations of acetylcholine. Moreover,
lÿcr
the technique of testing with several series of solutions prepared 
from different anqpoules of acetylcholine chloride powder on the same 
heart was additional check on the possibility of unrecognised mistakes 
in obtaining correct dilutions or accidental introduction of some 
extraneous unrecognised contamination* Such mishaps certainly could 
not have occurred in all the series of solutions tested on a 
particular heart. Several confirmatory tests were conducted with the 
minimum effective concentration and the next lower concentration was 
usually shown to be ineffective. Thus the author is forced to acc^t 
that the effect was due^in fact# to the weak solutions of acetylcholine. 
Using radioactive isotopes W,E. Boyd verified that the actual 
molecular concentration in solutions up to the dilution of 10*^ g/ml 
prepared according to the procedure followed in this work, was very 
close to the theoretically expected molecular concentration, IMfortunately 
this technique could not be enployed for estimating molecular 
concentrations in still weaker solutions because of the limit of the 
counting technique. However, there is no reason to believe that the 
distribution of molecules would be absolutely random at greater dilutions,
A gradation in molecular concentration is likely to be present even in 
more dilute solutions of ace^lcholine than 10*^ g/ml but a deviation 
from the theoretical value is quite possible. The conventionally 
called 10 g/ml solution of ace^lcholine theoretically contained 
only 3,3 molecules /ml. Since not more than U ml of this solution 
could come in contact with the heart during a 2 minute perfusion a 
total of only 13 molecules of acetylcholine was possibly involved
(theoretically) when this concentration was effective. This 
conclusion may not be absolutely correct but the results do show that 
only a few molecules can produce significant inhibition of the heart 
in stray instances. It is also significant to motion that, although 
tested on several highly sensitive hearts, 10*^^, which theoretically 
contains no molecules of acetylcholine whatever, never produced any 
effect. Moreover, 10*^^ and 10*^^ were more often effective than 
io~^:
The demonstration that acetylcholine in such low concentrations can 
produce significant inhibitory effects and that a concentration of 
10*^^ g/ml (containing 3,3 z 10^ molecule/ml) can conpletely stop the 
heart, has great physiological significance. Although the effect from 
very small quantities of acetylcholine was observed only in a few 
instances on the cardiac tissue of frogs, nevertheless the very fact 
that it can be demonstrated, even though in rare instances, is of 
fundamental inportance regarding the status of acetylcholine in biblogy.
The effectiveness of small quantities of acetylcholine on the 
heart has a vexy inport ant bearing on the mechanism of regulation of 
cardiac activity through the vagus in particular and on the mechanism 
of neurohumoral transmission in general. Although the actual quantity 
(or quanta) of acetylcholine released from the post-ganglionic 
parasyn^thetic terminals in the heart is not known precisely, this 
quantity in terms of molecules per inpulse is probably very small and, 
further, the maintenance of vagal tone may require still smaller 
amounts of acetylcholine. Acetylcholine influences not only the rate
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and amplitude of beat but also finer processes like conduction 
(Dale and Mines, 1913, Wedd and Blair, 1932, Bogus and Mendez, 1930) 
and the refractoiy period (Gilson, 1932, Wedd and Blair, 19^5).
The possible physiological significance of acetylcholine in the 
process of neurohumoral transmission has been inferred from the fact 
that nerve and muscle are capable of forming and destroying acetylcholine 
and that the presence of acetylcholine can be demonstrated at critical 
sites. Although most of these actions of acetylcholine are based on 
observation of effects of rather higher concentrations, it is commonly 
believed that the same actions may result from smaller quantities of 
acetylcholine secreted naturally. Recently del Castillo and Katz (1957) 
using microelectrode technique estimated that 10^ molecules of 
acetylcholine are released per impulse at a single nerve ending in frog 
muscle. The effectiveness of acetylcholine in this molecular dose has 
never been actually demonstrated, Hke most other workers they 
maintained that externally administered acetylcholine is less effective 
in producing depolarization.
Thus, there has constantly been a gap between theozy and practice 
in as much as acetylcholine in quantities believed to be naturally 
effective in intact animals has not been shown previously to be effective 
experimentally. The present work fulfils this gap and demonstrates that 
acetylcholine isc&Ave in all molecular concentrations.
Sensitivity to Acetylcholine
Acetylcholine has been studied extensively by physiologists 
and pharmacologists using different biological tissues as mentioned
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earlier in the Review of literature# The minimum effective 
concentrations in frog hearts were found to be between 10 ^ to 10 ^ 
g/ml by different workers (Dale, 191k, Kolm and Pick, 1920, Clark,
1926, Loewi, 19k9, Bentley and Shaw, 1952)# Occasionally a concentration 
of 10*^^ was found to be effective in frog hearts (Schmidt, 1958) • 
Isolated mammalian hearts have also been found to be sensitive to 
similar concentrations as frog hearts, i#e. between 10*^ to 10 ^ g/ml# 
Occasionally mammalian hearts responded to still lower concentrations 
under certain circumstances. Thus McDowall (I9k6) noted occasional 
stimulation with 10*^ in the atropinised cat, rabbit and rat hearts, 
and Spadolini (19k8) noted occasional effects with 10**^  ^in the guinea 
pig heart. Thus, on the whole, the minimwi effective concentrations 
on anphibian and on mammalian hearts were found to be similar.
In the present work a very wide range of concentrations was 
investigated. The minimum effective concentrations (threshold 
sensitivity) varied from heart to heart ranging from 10*^^ g/ml 
(theoretically containing 3*3 molecules /ml)1o.©(lcr^ g/ml (theoretically 
containing 1^ ,5^ X 10 molecules /ml). The stoppage concentrations 
ranged from 10*^^ to 5 % 10*^ g/ml# However, only a few hearts 
responded to very low concentrations like 10*^^, 10*^^ and only one 
heart responded to 10*^^#
The following factors enabled the author to detect effects 
of acetylcholine in very low concentrations in the present study#
1. Use of clean and sterile glassware for the preparation 
and storage of acetylcholine solutions#
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2. Sensitive equipment.
3# Large number of hearts tested.
k. Distribution of experiments throughout the year over a 
period of several years.
Variation in Sensitivity to AcetylchoHne from Heart to Heart
The decrease in the cholinesterase activity in the tissue made 
super sensitive by denervation (see Review of Literature) suggests that 
this enzyme may determine the effectiveness of a given concentration. 
However, carefully controlled experiments during the present work 
showed that eserine produced no change in the threshold sensitivity 
to acetylcholine, though it potentiated the action of concentrations 
which were already effective in the absence of eserine. It is possible 
that factors like diffusion, permeability of membrane or other 
structural peculiarities may determine the effectiveness of low 
concentrations. Absence of cholinesterase may be an additional factor.
Spontaneous and Seasonal Variations in Sensitivity to Acetylcholine 
Two peaks of incidence of highly sensitive hearts were observed, 
one in the months of January and February and the other in the months 
of October and November. Since the overall results (supported by 
statistical analysis) indicate that oestradiol pretreatment did not 
influence the sensitivity to acetylcholine, the injected frogs in 
which the heart was highly sensitive in the month of December can be 
included in a general w^dsluation of the Incidence of hi^ sensitivity. 
The sex cycle in most of the species of frogs including Rana
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temporaria is fairly characteristic (Matthews and Marshall, 1956).
The period from September to February is the period of rest or winter 
hibernation* The principal breeding month is March, after i6ich there 
is a short period of involution lasting vp to June. During the 
following months the ovaries and testes undergo hypertrophy and attain 
full activity by September. Thus the period of high sensitivity to 
acetylcholine coincides with winter hibernation, during which the 
sex organs are fully mature whereas the period during which the hearts 
were relatively insensitive coincides with the breeding season and 
the period of reactivation of the sex glands.
Maclean (1908)observed that vagal stimulation in frogs and in 
many other lower vertebrates is less effective in summer. Clark 
(1927b) also observed that vagal stimulation in frogs was less 
effective in summer. McDowall (19Ü6) mentioned that the sensitivity 
to acetylcholine in cat, rabbit and rat heart was greater in May and 
June. Prosser (19U0) and Welsh and Taub (19U3) found seasonal 
variation in the sensitivity of some mollusc hearts to acetylcholine, 
the sensitivity being maximum in late winter and spring vp to June 
in the heart of Venous mercenaria. Hughes (1955) observed that the 
heart of %ra arenaria was more sensitive in April and May. Thus 
seasonal variation in the sensitivity of hearts of various species 
to acetylcholine is a regular feature for which no satisfactory 
63q>lanation has been advanced.
Since injections of female sex hormones produced no effect on 
sensitivity of hearts to acetylcholine, the sex activity does not
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seem to be directly related to sensitivity. Efforts to alter the 
sensitivity to acetylcholine by administration of adrenaline or by 
changing the composition of Ringer's solution have also not shown any 
dramatic results. The results of previous workers on the relationship 
between sensitivity to acetylcholine and allied substances and the ionic 
composition of Ringer's solution are conflicting. Clark (1927a) observed 
that an increase in the concentration of calcium decreased the action 
of acetylcholine while a reduction in concentration of calcium had no 
effect. Other workers have reported similar findings in frog hearts with 
acetylcholine (Kolm and Pick, 1920) and muscarine (Kolm and Pick, 1920j 
Zondek, 1920). Loewi (1912) found no change in the sensitivity of frog 
hearts to pilocarpine and muscarine on changing the concentration of 
calcium. Clark (1927a) found an increase, while Davis (1931) found a 
decrease in the action of acetylcholine in frog hearts on lowering the 
concentration of potassium. A decrease in the action of pilocarpine 
in frog hearts on reducing the concentration of potassium was noted by 
Bouchhert (1921). Graham (19U9) noted an increase in the action of 
acetylcholine in rabbit auricles on reducing the concentration of potassium.
Nature of Action of Acetylcholine
A number of workers have observed a biphasic effect of acetylcholine, 
i.e. stimulation at lower concentration and inhibition at high 
concentrations in mammalian hearts (Pines, 193Uj Sach, 1937f Rothberger 
and Sach, 1938% Spadolini and Domini; 19U0/ Hoffman et al 19U5; McDowall, 
19U6| Bum, 1956) and in invertebrate hearts (Prosser, 1942; Hu^es, 1955).
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The stimulating effect was observed at lower concentrations (around 
10**^  g/ml) whereas inhibition was observed at higher concentrations 
(around 10*^ g/ml) • The author observed previously (Pathak, 1958c) 
that both acetylcholine and nicotine restarted stopped frog hearts 
but the concentration required for restarting the hearts was usually 
greater than 10*^ ^ml. Hoffman et al (1945) suggested that the 
stimulating effect is due to release of adrenaline, through a 
nicotine-like action of acetylcholine.
No clear excitatory effect of ace^lcholine was ever observed 
during the present work on frog hearts using a very wide range of 
concentrations. On a few occasions some rebound type of increase in 
the rate and rarely in amplitude was observed during the recovery 
period following a powerful inhibitory action of acetylcholine*
This rebound phenomenon appears to be similar to the 'post-wash ' 
stimulation observed by Webb (1950) in isolated rabbit auricles 
but washing out of the organ bath introduces a mechanical factor 
which was avoided in the present work.
Actual Forms of Concentration - Response Curves.
for ease in presentation of results the concentration-response 
curves were plotted using a logarithmic scale for the concentrations 
of acetylcholine. In the hearts with low sensitivity only a narrow 
range of concentrations was effective and, therefore, the greater part 
of the curves could be re-plotted using, as abscissa, a linear scale 
of actual weight of acetylcholine chloride per ml, present in different 
concentrations.
Fig. 71 shows the re-plotted curves for mean arterial pressure 
and heart rate in the three hearts whose original curves were
shown in Figs. 19^, 19^ and 20_a respectively. The curves for the mean 
pressure (and hence for the output also) show an initial phase of 
increasing inhibition at lower concentrations followed by a tendency 
ito attain a plateau at higher concentrations. The curves for the heart
jirate retain the curvilinear form in most of the hearts but become more 
expanded in the high concentration range (Fig.71_a and h ) . In a few 
hearts the initial part of the curve for heart rate is similar to the 
initial part of the curve for mean pressure but the later part is not 
seen due to complete conduction block (e.g. Fig. 71^)• In the presence 
of eserine, curves tend to adopt a linear form.
The curves of highly sensitive hearts cannot be re-plotted in 
this manner on a convenient length of graph paper. However, it is 
obvious that these curves will become considerably expanded and would 
tend to assume the same forms as in less sensitive hearts, with a 
superimposed hump at lower concentrations.
M echanism of Action of Acetylcholine 
From the results it is clear that acetylcholine acts on at least 
three processes in the heart.
1. On the activity of the pacemaker.
2. On the conduction of impulses.
3 . On the contractile responses of the cardiac muscle.
Since the response of the highly sensitive hearts to very low
concentrations of acetylcholine presented some peculiar features, the 
mechanism of action in these hearts may be slightly different. The
action in less sensitive hearts is considered first and that in the
highly sensitive hearts will be discussed later.
Hearts with a Low Sensitivity to Acetylcholine
(a) Action on the Pacemaker - The curvilinear shape of the concent- 
-ration-response curve for heart rate implies two phases in the 
action of acetylcholine - a slow initial phase and a rapid phase.
A simple explanation for the tv/o phases could be that during the 
slow phase (at lower concentrations) the cholinesterase system 
succeeds in inactivating a proportion of the molecules of acetyl- 
-choline before they reach the receptors, but once a concentration 
sufficient to overwhelm the cholinesterase receptors is reached, 
the action progresses rapidly on further increasing the concent- 
-ration. The uniformly potentiating effect of eserine on the 
action of acetylcholine on the pacemaker supports this view. The 
presence of other forms of curves, i.e. an almost linear curve or 
a curve with an upward convexity can also be accounted for on this 
basis - a linear curve might be due to absence of cholinesterase 
and a curve with an upward conve:aty due to low cholinesterase
149activity. A high cholinesterase activity at the pacemaker would 
also account for the lower position of the curve for heart rate 
than those of mean pressure and output (indicating involvement 
of contractile response) in the same heart. Another explanation 
for the two phases could be that small quantities of acetylcholine 
only slow the rate of development of the diastolic slope of 
depolarisation (pacemaker potential) while large quantities may 
exert an additional hyperpolarising action on the membrane of the 
pacemaker tissue, producing a greater inhibition of heart rate.
These actions of acetylcholine are well known.
The two alternative explanations mentioned above are not mutually 
exclusive and they may be jointly responsible for the two phases. 
Cholinesterase activity also may partly determine the position of two 
phases (i.e. range of concentrations over which each phase occurs)in 
individual hearts and the relative position of the curves in different 
hearts, the curve lying more towards the left in those hearts which 
have a lev; cholinesterase activity.
(b) Action on Conducting System - In the mammalian hearts acetyl­
choline acts on the specialised conducting tissue and slows the 
conduction of impulses. No definite specialised conducting system 
has ever been demonstrated in frog hearts. It is usually presumed 
that the impulse travels through the muscular tissue.
One of the most interesting observations in the present work has 
been that acetylcholine in relatively high concentration induces 
conduction block in almost every heart. Electrocardiographic 
studies are clearly indicated to locate the site (or sites) of
1 5 0block. However, the present work suggests the following two 
points.
1. The considerable potentiating action of eserine on the occurrence 
of block in all hearts strongly suggests that cholinesterase act- 
-ivity is high in the conducting system. This may also be the 
reason why conduction block usually occurs at high concentrations.
2. Marked involvement of the contractile response at the concentrat- 
-ions. at which conduction block usually occurs, suggests that at 
these concentrations the cardiac muscle in general becomes greatly 
involved by some mechanism.
(c) A ction on the Cardiac Muscle (Contractile Response)
The curves for the mean pressure and cardiac output suggest a 
rapid initial phase followed by a phase of reduced action (plateau 
effect) . The tendency to attain a plateau indicates some kind of 
opposing process. The dual action of eserine (i.e. potentiation of 
action at higher concentrations, and from little potentiating effect 
to actual antagonistic effect at lower concentrations of acetylcholine) 
also supports the possibility of presence of tv/o phases of action.
The antagonistic action of eserine at low concentrations of acet- 
-ylcholine suggests that the commonly known anticholinesterase effect 
is not the only mode of its action. The antagonistic effect may be 
due to competitive attachment to cholinesterase receptors as well as 
to acetylcholine - sensitive receptors. Complete absence of potent­
iation lYl some hearts may be due to a low cholinesterase activity.
Hearts with a High Sensitivity to Acetylcholine 
Since eserine does not influence the threshold of sensitivity in
the hearts, the presence or absence of cholinesterase cannot be respon-
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-sible for determining the threshold of sensitivity. The effectiveness 
of? acetylcholine in very small quantities in highly sensitive hearts 
muist^therefore,be due to some other factors like rate of diffusion, 
pe.-rmeability of membrane or other structural peculiarities. Absence of 
ckolinesterase may be an additional factor.
More work is obviously needed to determine the details of the 
concentration-response relationship in highly sensitive hearts espec- 
-i ally with very low concentrations. The complex pattern of response 
seen at very low concentrations has no simple explanation •
Fig. 72 is a diagram in which an attempt has been made to 
correlate theoretically the behaviour of less sensitive and highly 
sensitive hearts. It has already been mentioned that the tendency for 
the concentration-response curves to form a plateau before 100% inhibit- 
-ion is attained may be due to some opposing process. Fig. 72^ shows 
that in the absence of cholinesterase (i.e. in presence of eserine) the 
curve is more steep and displaced to the left. Presence of cholinester- 
-ase (as in normal hearts) shifts it to the right also making it less 
steep. The opposing process further modifies the curve to the approp- 
-riute shape. The action of eserine was not investigated in the highly 
sensitive hearts. Hence a dotted hypothetical line has been drawn in 
Fi g .72^  which shows that the final curves in highly sensitive hearts 
may have the same basis as those of the less sensitive hearts with the 
additional feature that in the highly sensitive hearts the opposing 
process is activated earlier and assumes considerable proportions so 
that the curve is pushed down below the expected level, giving rise to 
a hump on the curve at lower concentrations.
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ADRENALINE
Sensitivity to Adrenaline:
The sensitivity of frog hearts to adrenaline is not as high 
as that to acetylcholine. The frog heart is occasionally sensitive 
to low concentrations of adrenaline (lO ^ and 10 hut the
incidence of hearts showing such a high degree of sensitivity is
-7not very high. However, a concentration of 10 was quite
effective in producing a marked stimulation in the majority
-8of hearts. The concentration of 10 was not included in the
series of adrenaline solutions. However, from the trend of
results it appears that 10”® would be quite effective. West (1945)
used frog hearts for assay of adrenaline and found that
concentrations up to 10 ® could be assayed fairly accurately.
West (1945) also found that the sensitivity to adrenaline could be
slightly increased by sensitising the heart with cocaine.
Action of Adrenaline:
The general conclusion from the results of the present
experiments on the sensitivity of frog hearts to adrenaline is that
adrenaline is liable to produce inhibitory effects on some hearts
-5at concentrations lower than 10 . The incidence of inhibitory effects
became progressively less while the incidence of excitatory effects 
increased progressively at higher concentrations till only an 
excitatory effect was obtained in all the hearts at a concentration 
of 10“^.
An inhibitory action at low concentrations of adrenaline has 
been observed by other workers on isolated frog hearts (Kolm &
-V
Pick, 1921; Soliman & Barrow, 1926) oh isolated rabbit heart (Claes, 
1924) on isolated fish heart (MacDonald,I925) and on isolated hearts 
of mollusc (Oaddam & Paasonen, 1955)* The mechanism of the inhibitory 
action is not clearly understood. One possibility could be that the 
inhibitory action could be due to decomposition of adrenaline. The 
inhibitory action at lower concentrations may imply that possibly in 
the higher concentrations there was still sufficient undecomposed 
adrenaline not only to counteract the inhibitory action of the product 
of decomposition but also to produce a stimulation. Occasionally, 
it was seen that a fresh solution of adrenaline (in the same concen­
tration in which an old solution produced inhibition), when tested 
soon after the old solution ^ produced a stimulation instead of inhib­
ition. This indicated a difference in the two solutions. It is however, 
possible that the reversal of action could be due to repetitibn of 
administration of adrenaline in these cases. Thus whereas the decom­
position of adrenaline solution seems to be a possible basis to 
explain the inhibitory actio~n of lower concentrations it may not 
be the correct explanation. In the heart of frog 10 (Table II) a
5 hours old adrenaline solution in concentrations of 10-9
-7and 10 produced inhibitory effects whereas a 5*5 hours old
-9solution of adrenaline in a concentration of 10 produced excitatory
effect in the heart of frog 5 (Table II) and a 4*5 hours old solution
in a concentration of 10”? produced an initial marked stimulation1/9
followed by stoppage^-follov/ed by alternate stoppage and 
acceleration for about I5 minutes. Thus the duration of standing 
of solutions from the time of preparation up to the time of use 
was not definitely related to the nature of effect. Eulôr &
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Hamberg (l949) studied the rate of oxidation of adrenaline and 
noradrenaline and mentioned that spontaneous Oxidation of 
solutions takes months and the rate of oxidation is slow even 
in alkaline pH.
Further the author had observed previously (Pathak, 195%) 
that as high concentrations of adrenaline ad 10 ^ also produced 
inhibitory effect in frog hearts. It would thus appear that 
adrenaline is liable to produce inhibitory as well as excitatory 
effects in frog hearts. The incidence of inhibitory effect is^  
however, low and decreases progressively further as the concentration 
of adrenaline increases. The significance of the inhibitory action 
is not clear. It might however be similar in nature to the 
reversal of pressure^response which has never been satisfactorily 
explained.
Y/est (1949) reported vasodepressor action of noradrenaline. 
Serin (1952 a,b) observed that dibenaraine and piperidinomethyl 
benzodioxane (935P) reversed the stimulating action of adrenaline 
and noradrenaline in isolated rat hearts. Tn the present work 
noradrenaline always produced excitatory effects. The 
transiftory stoppage of heart following initial stimulation 
with noradrenaline 10  ^ g/ml in one case was possibly due to 
the exha^ion of heart as a result of repeated administration of 
adrenaline and noradrenaline.
Maintenance of Strength of Adrenaline Solutions:
West (1945) observed that about 50% activity of adrenaline 
solutions was lost in 5 minutes. During the present work the
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adrenaline solutions were prepared in alkaline Ringer’s solution
(pH y.g - and the time schedule of the experiments was such
that these solutions stood for some time before being used.
The period of standing ranged from 1 hour to as long as 8
hours in some experiments. The solutions used in the heart of (faUi II )
frog 2/Xone of the most highly sensitive hearts, sensitive to
“11 \ 710 ) were 1.5 hours old. The concentration of 10” ' was
effective up to 8 hours or more. These solutions were also 
prepared and stored under sterile conditions as adopted for 
the preparation and storage of acetylcholine solutions. There 
was no indication of substantial deterioration in the strength 
of those solutions up to a few hours in the case of concentrations
-7lower than 10 and up to 8 hours or more in the case of more 
concentrated solutions.
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NORADRENALINE
The frog hearts were almost as sensitive to noradrenaline 
as to adrenaline. However,only 10^ of the hearts responded to_ Ynoradrenaline in a concentration of less than 10 and about 
10% not responding even to 10“ '. Noradrenaline 10“5 was 
effective in all the hearts. Noradrenaline always produced 
excitatory effects in frog hearts with the exception of the 
heart of one frog in which both adrenaline and noradrenaline 
in a concentration of 10”? produced initial marked 
stimulation followed by transitory stoppage of the heart. In­
hibitory effects from noradrenaline have not been reported by 
previous workers and oLiRf certainly not common. Occasional 
negative inotropic effect with noradrenaline in a concentration 
of 10"® was observed by Serin (l952 a,b) in isolated rat hearts 
after administration of dibenamine and other adrenolytic compounds. 
Frog heart is suitable for assaying noradrenaline in concentrations 
up to 10“7 g/ml only. The observation that noradrenaline was 
less effective than adrenaline is in agreement with the 
results of previous workers. V/est (l94?) found that adrenaline 
was about 8 times more effective whereas Gaddum,Pert & Vogt (l949) 
reported tliat it was 10 to 20 times more effective in frog 
hearts. Burn & Hutcheon (1949) also reported a greater effect­
iveness of adrenaline in cat hearts. Ahlquist (1948) reported 
that adrenaline v/as 2 times more effective in rabbit hearts.
Other workers have observed no definite difference in the
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effectiveness of adrenaline and noradrenaline in rabbit 
and cat hearts ( Marsh, Pelletier & Ross, 1948) and in 
rat hearts (Serin, 1952^* In the present work it was 
found that the positive chronotropic effect of adrenaline v/as 
about 2 times greater than that of noradrenaline. The difference 
in the results of various workers could be due to such factors 
as species variations, variation in the criteria for effectiveness 
of the two substances and also possibly due to variations in the 
concentrated solutions obtained from the manufacturers.
Adrenaline is the dominating neurohormone in frog hearts. (Euler,
1946).
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5-HYDRGXYTRYPTAMINE
The sensitivity (minimum effective concentration) of frog
hearts to 5-hydroxytryptamine v/as slightly less than that to
noradrenaline. Obviously the sensitivity of frog hearts to
5-hydroxytryptamine is much less than sensitivity of other tissues
iiscussed in the section on Review of Literature. Only 2 out of
-917 hearts were sensitive to a concentration of 10 which
/produced a pure inhibitory effect in both. Inhibitory effects were 
also observed at high concentrations. However,in the majority 
Df hearts the action of 5-hydroxytryptamine was excitatory. The 
inhibitory and excitatory effects involved both the chronotropic 
and inotropic responses. Like adrenaline and noradrenaline lower 
concentrations of 5-hydroxytryptamine frequently involved the 
chronotropic response/ primarily. The inhibitory effect could 
not be related to the dose of 5-hydroxytryptamine nor to any other 
known variable.
Several workers have studied the actions of 5-hydroxytryptamine 
on cardiac tissues. Schneider & Yonkman (1954) observed both 
positive chronotropic and inotropic effects of 5-hydroxytryptamine 
In isolated hearts of dog, cat and rabbit. Sassine & Mauche (1955) 
observed that 5-hydroxytryptamine increased only the rate but not 
the strength of beat of isolated papillary muscles of dog, cat and
I rabbit. 5-hydroxytryptamine produces excitatory effects in molluscs 
and other vertebrate hearts which are very sensitive to it 
(see Review of Literature). Hence the observed pure inhibitory 
effect over a wide range of concentrations in some hearts seems
15?
to be a unique effect of 5-hydroxytryptamine in frog hearts.
There is nothing to suggest that the inhibitory effects observed 
mth 5-hydroxytryptamine represented reversal of response due to 
oestradiol injections for minor inhibitory effects were observed 
in the hearts of uninjected frogÇalso. Moreover the inhibitory 
effect was observed in the hearts of only 2 of the I4 injected 
frogs and there was no relation of dose of oestradiol to the 
occurrence of inhibitory effect. Further a biphasic effect was 
often observed in the same heart with clear evidence of both 
inhibitory and excitatory components. The only conclusion is 
that in some hearts 5-hydroxytryptamine produces a pure inhibitory 
effect involving both the chronotropic and the inotropic responses. 
On the whole the excitatory response; to 5-hydroxytryptamine was 
much less in intensity than that to corresponding concentrations 
of adrenaline and noradrenaline.
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1. The actions of a wide range of concentrations of acetyl­
choline, adrenaline, noradrenaline, 5-hydrox}"try?taiÿine
and nicotine have been investigated to determine minimum
effective concentrations (threshold sensitivity) in
isolated perfused frog hearts. A specially designed
sensitive electronic equipment consisting of a 4 channel
direct ink v.Titing recorder provided a cent ii^us record of the
venous pressure, heartpzte, arterial pressures (systolic,
diastolic and pu^ se pressures; and cardiac output, dhe venous
pressure could be kept constant at any desired value tliroughout
the period of perfusion lasting from 1 to 5 days.
2. Special methods ol precaution and control were introduced 
at several sta es of each a:périment so that the effect of 
test solutions were well controlled and it was clearly- sho\m 
on the record that there could be no possibility of 
unrecognised changes in the record due to artefacts - 
electronic or otherr/ise.
5. It was observed that tnc ^istlllel water used for tho
p...-épuration of solutions, the ionic composition of fluids, 
the types of glass container and connecting tubing, the 
minor variations in the tempera cure of the laboratory from 
place to place (responsible for s?-iglit différé ces in the 
tern orature of solutions kept at different places), the minor 
variation in the ph o_ solutions and bacterial, chemical or 
organic contaninuLien of glassware and connecting tubing, all
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were liable to influence the behaviour of the preparation.
Because of the sensitivity of the equipment, changes in the 
cardiac activity due to these factors were picked up and 
recorded as prominent ciianges which were often responsible 
for unsatisfactory controls. Host of those variables were 
easily controlled once their importance was realised, though 
a considerable time v/as devoted to analyse and control them.
4» The choice of a suitable type of connecting; tubing of a really
nontoxic material was a difficult problem and a special side sthafy 
(described in Fart II) was undortalien to compare the 
toxicity of different kinds of tubing. It was observed 
that all connecfcin/; tubing including natural rubber and 
plastic tubing were potentially toxic and must be cleaned 
thoroughly several times before being used.
5* It was also observed tliat a thorough cleaning and sterilisation 
of all apparatus coming in contact with the test solutions was 
essential for accurate work, and the solutions of such substances 
as acetylcholin.. and adrenaline maintained their strength for 
a much longer duration than commonly believed if prepared and 
stored using clean sterile glassware.
6. The dyiomics of the heart imder the present perfusion technique 
lias been inve tigated and discussed. It has been concluded 
tliat the venous pressure and arterial resistance both 
influenced the inotropic and chronotropic responses leading 
to appropriate changes in associated parameters of cardiac
activity such as cardiac output and blood pressure.
7» It has been demonstrated that if the solutions of acetyl­
choline are prepared by using clean sterile pipettes and if 
stored in clean sterile containers, the solutions maintained 
their strengths in alkaline Ringer’s solution at room temperature 
for a much longer period than that observed by previous workers. 
Solutions containing acetylcholine in a concentration of 10*' 
g/ml maintain their strength up to 56 hours. More concentrated 
solutions (10”  ^and 10 keep for a much longer time- up 
to 72 hours or more. Dilute solutions containing acetylcholine 
in concentrations between 10“  ^and 10 g/ml keep for 8 to 
12 hours and undergo only a slov/ hydrolysis after this time.
The duration of maintenance of strength varies with the 
molecular concentration.
8. The threshold sensitivity of frog hearts to acetylcholine 
varied from 10“^^to ^ yiCT^l/ml. The concentration needed to 
stop the heart varied from 10” '^''fc>'5yiC^  g/ml. The majority 
of hearts showed a threshold sensitivityaf$yfO"T g/ml and 
were stopped by S’ y  fO only a few requiring
Sy ^  for stoppage.
9. when acetylcholine in a concentration of 10”^^ g/ml was
effective (even though only in a stray instance), theoretically 
only 13 molecules were involved. Greater concentrations v/ere 
effective more frequently. The physiological significance of 
effectiveness of acetylcholine in all molecular concentrations
has been discussed in relation to the nervous regulation of
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cardiac activity in particular and in the process of 
neurohunoral transmission in general*
10. The demonstration of effectiveness of acetylcholine in all 
molecular concentration fulfil-s an important gap between 
the theoretically expected and experimentally demonstrated 
effectiveness of acetylcholine. The effectiveness of 
acetylcholine in all molecular concentrations has never been 
demonstrated previously. There is now no need to presume 
that endogenously produced acetylcholine is more effective 
than externally adnir^tered acetylcholine.
11. The incidence of hearts showing a high degree of sensitivity 
to acetylcholine (sensitive to concentrations lower than
10 ^ g/ml) varios significantly with season, be ini; maximum 
in winter (January and February ) and minimum in spring dnd/ 
summer.
12. The threshold sensitivity to acetylcholine does not undergo 
any remarkable change on altering the composition of Ringer’s
solution, on administration of adrenaline and after 
injections of female sex hormones in intact animals.
13. Frequent spontaneous changes in the threshold sensitivity 
within 12 hours of perfusion were not common. In a few 
instances the sensitivity chan;_ed significantly after the 
heart had been on perfusion for more than 12]x>urs, the 
sensitivity decreasing in some and increasing in other 
cases.
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14. A pure excitatory effect from acetylcholine was never 
observed at any concentration. A rebound increase in 
rate and/or amplitude during recovery from inhibitory 
action of acetylcholine observed in some cases cannot be 
regarded as an excitatory effect. The action of acetyl- 
-choline was, therefore, alv/ays inhibitory.
1 5* The concentration-response relationship in hearts with a 
low sensitivity to acetylcholine leads to the following 
conclusions :
(i) acetylcholine acts on three sites - (1) pacemaker
(2) conducting system (3) contractile response (cardiac 
muscle) . The action on the pacemaker and on the 
contractile response are rarely parallel, the action 
being usually more pronounced on the latter at lower 
concent rations, though the chronotropic and inotropic 
responses are both simultaneously involved at the 
minimum effective concentration.
(ii) typical curve for heart rate is curvilinear. Eserine 
has a marked potentiating effect, shifting it to the 
left and making it more linear.
(iii) typical curves for contractile response (mean pressure 
and output) have a convexity upwards. It is 'S’ shaped 
if the concentration of acetylcholine is expressed in a 
logarithmic scale. Eserine usually potentiates the action
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of higher concentrations of acetylcholine but may antag­
onise the action of lower concentrations.
(iv) conduction block occurs in all hearts at higher
concentrations and may change the form of different 
curves. Complete block stops the heart. Block occurs 
at a much lower concentration in presence of eserine.
1 6. Concentration-response curves in hearts with a high sensit- 
-ivity to acetylcholine show the same features as in less 
sensitive hearts with the additional observation that the 
curves for all three parameters have a hump over a range
of v e r y  low concentrations with a peak on the hump at a 
certain concentration.
17. The mechanism of action of acetylcholine which may possibly 
be responsible for these observations has been discussed.
1 8 . The frog heart is not a suitable preparation for assaying 
acetylcholine in concentrations lower than 10 ^ g/ml 
because of the very low incidence of highly sensitive 
hearts (only 14%)
1 9 . The threshold sensitivity of frog hearts to adrenaline
-11 -5and noradrenaline varied from 10 to 10 g/ml. The 
incidence of highly sensitive hearts (hearts sensitive to
_ nconcentrations lower than 10" g/ml) was 22% in the case of
166.
adrenaline and about lO^ j in the case of noradrenaline. 
The majority of hearts were influenced by adrenaline and_ Y
noradrenaline in a concentration of 10 g/nil, though
jome hearts were only influenced at 10  ^g/ml.
20. Frog heart is a suitable prepa±ation for assaying adrenaline
-O .and noradrenaline in concentrations greater than 10 g/ml.
/ -1121. Lower concentrations of adrenaline (between 10 and 
10“7; often produced inhibitory effects. The incidence
of inhibitory effects decreased at higher concentrations.
It is possible tliat some decomposition product;, of 
adrenaline may be responsible for the inhibitory effects, 
the inliibitory effect being masked at higher 
concentrations which nay still contain sufficient 
undeconposed adrenaline to produce a predominantly 
excitatory action. Howeveix this does not appear to be 
a complete explanation for the occurrence of inhibitory 
effects. The strength of adrenaline was maintained fairly 
well for several hours tith the present technique of 
using clean sterile glassware for the preparation and 
stora^ge of solutions and the ’uration of standing of 
solutions does not correlate with the occurrence of 
inhibitory effects. Noradrenaline always produced 
excitatory effects with the single exception of one heart 
in which both adrenaline and noradrenaline in a concentration 
of 10 ' g/ml produced a brief stoppage of the heart
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preceded by a well narked stimulation.
22. The chronotropic response was first and primarily involved 
at lower concentrations of adrenaline and noradrenaline.
The positive chronotropic effect of adrenaline was about 
2.5 times reater than that of noradrenaline.
23« The latency 01 onset of excitatory action of adrenaline
was shorter and the peak of effect was more quickly
attained. The increase in the blood pressure (determined 
by the heart rate and amplitude of beni yrvoiv^^the 
resistance b'oin^ constant) due to the action of adrenaline 
was Treater but was of shorter deration than that lie to 
the action of noradrenaline. The marked acceleration 
produced by adrenaline resulted in a greater reduction 
in the amplitude of contraction during the action of 
adrenaline than durin^; ti.e action of corresponding 
strength of noradrenaline. On the whole adrenaline 
produced a ,,re ter degree of stimulation tiian noradrenaline.
24. The from heart is less sensitive to 3-hydroxytryptaiaine tlian
to adrenaline and noradrenaline, the threshold sensitivity 
to p-hydrox2fryptamine raiding from 1C“^ to 10“  ^g/ml.
Thereas adrenaline and noradrenaline were always effective 
in a concentrabion of IC"^ g/ml, p-hydroxytryptamine was 
ineffective in some hearts in this concentration. Only 
about 11/- of the ’■.earts wore sensitive to 3-hydrow^yfryptamine 
in a concentration of 10-9 g/ml, the majority being sensitive
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"*7 “5 /te 10 or 10 g/ml. Thus frog heart is a suitable 
preparation'for the assay of 5 -hydr oxytrypt amine in
“9concentrations greater than 10 g/ml* "
25* 5-hydro:{)d;ryptamine produces both excitatory and
inhibitory effects in frog hearts. Although the incidence 
of hearts showing a pure inhibitory effect was only about 
11%, the pure inhibitory effects were observed at all 
concentrations, the inotropic and chronotropic responses 
both being inhibited. In the majority of hearts an 
excitatory effect influencing both the inotropic and 
clironotropic responses, was observed. The ecicitatory 
effect, however, influenced the chronotropic response 
more frequently and the increase in the heart rate was 
often associated with a decrease in the output and blood 
pressure. Frequently the excitatory and inhibitory component; 
of action of p-hydroxytrypt amine were simultaneously 
operative at the same concentration in the same heart, 
the nett effect being a resultant of the two components.
26. The frog heart is relatively insensitive to nicotine,no
-3effect being observed till such high concentrations as 10 
are reached. In these hign concentrations nicotine produces 
a p ow crful iieg a : iv e c la: onotropic effect.
27. The hi_h sensitivity of a heart to one substance is not 
associated with a high sensitivity to other substances.
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28. According; to the effectiveness in lowest concentrations 
(hi^;hest decree of threshold sensitivity) in frog hearts, 
the various substances investigated can be arranged in 
the following descending order: acetylcholine, adrenaline, 
noradrenaline, ^-hydroxytryptamine, nicotine.
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TASS II
T IE  C 0 :ï.1 3 A T I\E  TŒ CIC ITÏ ci-' lE B iR îî H A S :IG  Aim 
3 IL IC 0 IÏE  CCIIECTETG T'üBIUC-, TESTED Oil EROG- HEARTS.
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I  i  î  T R 0  D U G T  I  ü IT
'The difficulties which were encountered in analysing and 
controlling the several relatively obvious variables which interfered 
with the tests designed to investigate the action of small 
quantities of acetylcholine and other substances and which were 
often responsible for unsatisfactory controls are discussed in 
Part I. After having controlled most of such possible variables, 
frequent unsatisfactory controls were still observed and the
inert nature of the so called non-toxic connecting tubing came 
under suspicion. It was considered necessary to undertake a 
detailed study of the relative toxicity of some commonly available 
modern connecting tubing made of plastic material (polyvinyl 
chloride) and silicone rubbers in order to select the best 
available type with a view to eliminating or minimising the 
occurrence of unsatisfactory controls and to enhance the accuracy . 
of results.
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a E V I Ü W OF L I T E R A T U R E
The t o x i c  p r o p e r t ie s  o f  v a r io u s  k in d s  o f  n a t 'u r a l  ru b b e r  
p ro d u c ts  have been re c o g n is e d  f o r  a lo n g  t im e .  S to k e s  & Busman 
( 1920 j  w e re  th e  f i r s t  w o rk e rs  t o  n o t ic e  th a t  n a t u r a l  ru b b e r  
t u b in g  used  in  in t ra v e n o u s  in f u s io n s  c o u ld  cause  a r e a c t io n  in  
human s u b je c ts .  R ubbers  w ere  a ls o  fo u n d  t o  be s p e rm ic id a l  
(R anson , 1 9 3 ? ) and t o x ic  t o  t is s u e  c u l t u r e  c e l l s  (O unz, 1948 ; 
L a j t i i a ,  1952 ; E s rk e r ,  Lforgan & i lo r t o n  1951; ia c I )o u g :a l l ,  1 933 ; 
C ru ic k s l ia n k ,  C a ro l in e  H oope r, L e w is  L E a c D o u g a ll, I 96O ).
L n c D o u g a ll ( 1933) a ls o  re p o r te d  t h a t  th e  t o x i c i t y  o f  ru b b e r  was 
due to  s u lp h u r  and t a l c  c o n te n t*
Both rubber and plastic materials liave been reported io 
inliibit g ro w th  of bacteria and this property of the tubing 
was found to correlate with the incidence of thrombop^ebitis 
when such tubing was p re s e n t in equipment used to give 
intravenous transfusions (iTandfield - Jones & Lewis, 1932; 
i.Iedical Research Council, 1957)*
Several types of plastic material are carcinogenic in Ciïiiy/lCils 
(Oppenhiemer, Cppenhiomer, Banishefsky, Stout C: Eirich, 1 9 3 3 )"
The lifC span of red blood cells in the recipient after 
transfusion was reported bo be considerably shortened when 
containers of plastic materials were used for storage of blood 
in the blood baides (hall, Buckley & Doan, 1933 5 Strumia, Colv/ell,
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I IL le n b e rg e r  & I.''■«dr, 1 9 3 5 )*  S tru m ia  e t  a l  ( l9 3 5 )  a ls o  
o b s e rv e d  t l i a t  some p la s t i c  m a te r ia ls  w ere  b e t t e r  th a n  o th e rs *  
S i l i c o n e  ru b b e rs  w ere  fo u n d  to  be n o n - to x ic  t o  th e  c h ic k  
em bryo c u l t u r e s  and o th e r  t i s s u e  c u ltu re s {M a c I )o u g a ll ,  1933; 
C ru ic k s h a n lc  e t a l .  I9 6 0 )  b u t  s i l i c o n e  im p la n ts  w ere  n o t  w e l l  
t o le r a t e d  b y  th e  human b r a in  and caused a d e la y e d  m e n in g it ic  
r e a c t io n  (b im a n t , 1933) "  B im a n t ( l9 5 3 )  su g g e s te d  t l ia t  th e  r e a c t io n  
m ig h t be due to  a s lo w  d i f f u s io n  o f  a t o x ic  s u b s ta n c e , pe rhaps 
b e n z o ic  a c id  d e r iv e d  fro m  th e  v u lc a n is in g  a g e n t•
n a t u r a l  ru b b e r  and p la s t i c  m a te r ia ls  have a ls o  been  
in v e s t ig a te d  f o r  t h e i r  t o x i c i t y  b y  im p la n ta t io n  o f  sam ples 
i n  i n t a c t  a n im a ls  (Ingraham, A le x a n d e r & I la ts o n ,  1947 a ,b )  and 
i n  c e r t a in  in s ta n c e s  s e v e re  in f la m m a to ry  r e a c t io n s  w ere  o b se rve d  
due t o  th e  l i b e r a t i o n  o f  i r r i t a n t  p ro d u c ts *
P e rsp e x  (p o ly m e th y l: . .e tx ia c ry la te )  (B e c k , R u s s e l,  S m a ll &
Graham, 1943) ^ id  p o ly e th y le n e  (P o ly th e n e )  ( In g ra h a m  e t  1947 £  ) 
w ere  fo u n d  to  be w e l l  t o le r a t e d  b y  i n t a c t  a n im a ls .  B y Io n ,  w h ic h  
can be s t e r i l i z e d  b y  a u to c la v in g ,  i s  w e l l  t o le r a t e d  as a s u tu re  
m a t e r ia l .
I t  i s  c le a r  fro m  t 'n is  re v ie w  o f  s h o r t  l i t e r a t u r e  on th e  
t o x i c i t y  o f  v a r io u s  k in d s  o f  m a te r ia ls  used f o r  th e  m a n u fa c tu re  
o f  c o n n e c t in g  tu b in g  t l i q t  th e  i n e r t  n a tu re  o f  v a r io u s  m a te r ia ls  
lias  been  q u e s t io n e d  fro m  t im e  to  t im e  and is o la t e d  s tu d ie s  have 
been c o n d u c te d  to  s u b s ta n t ia te  such b e l i e f .  I t  i s  r a th e r  s u r p r is in g
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t lia a l t h o u g h  so w i d e l y  used i n  b i o l o g i c a l  l ab or at or ie s,  the 
daUtgers f r o m  the t o x i c i t y  of t h e  c o n n e c t i n g  t u b i n g  liave not b e e n  
f u l l y  r e a l i s e d  n or  s ys tematic stu di es  on iso la te d  b i o l o g i c a l  
p r e p a r a t i o n s  h ave b e e n  con du ct ed  to i n v e s t i g a t e  thi s  problem*
175
M E T H O D S
F r o m  a m o n g s t  t he  c o m m o n l y  a v a i l a b l e  m o d e r n  t u b i n g  4 
k i n d s  of P . V . C .  (p o l y v ^ T ^ l c h l o r i d e )  a n d  3 k inds of s i l i c o n e  
r u b b e r s  w e r e  s e l e c t e d  foTfci inv es ti ga ti on .  The n a m e s  of t h e s e  
m a t e r i a l s  a n d  the m a n u f a c t u r e r s  f r o m  w h o m  t h e y  w e r e  r e c e i v e d  
a r e  m e n t i o n e d  below.
P . V .C .  t u b i n g .
1. P o r t e x  C r y s t a l  V i n y l  P.V.C. ( P o r t l a n d  P l a s t i c s  L td ., ).
2. P o r t e x  S t a n d a r d  P.V.C. ( P o r t l a n d  P l a s t i c s  Ltd.).
3. X - l o n  P.V.C. ( X - l o n  P r o d u c t s  L td.,)
4. T7at ere l e a f  P.V.C. (Esco R u b b e r  L td .)
S i l i c o n e  r u b b e r s
1. S i l i c o n e-1956 ( s u pp li ed  b y  E s c o  R u b b e r  Ltd. in I956).
2. S i l i c o n e  I S - I56 (Esco R u b b e r  Ltd.)
3. S i l i c o n e  D S R - 5 5 1  ( Dunlop R u b b e r  Co. L t d . ) .
H a v i n g  d e c i d e d  to u n d e r t a k e  s u c h  a study, t h e  a u t ho r  w a s  
f a c e d  w i t h  t wo  i m m e d i a t e  problems:
1. H o w  to i n c o r p o r a t e  the p r e s u m e d  toxic p r o d u c t  from t he  
m a t e r i a l  of t u b i n g  into a 'test solution' w h i c h  c o u l d  
b e  p e r f u s e d  in t he  f r o g  h earts and its a c t i o n  o b s e r v e d  
u n d e r  s t r i c t l y  c o n t r o l l e d  c o n d i t i o n s  so that a n y  e ffect 
n o t i c e d  c o u l d  o n l y  b e  a t t r i b u t e d  to the t o x i c i t y  of 
t u b i n g  a n d  to n o t h i n g  else.
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2# W h i c h  k i n d  o f  t u b i n g  c o u l d  b e  p r e s u m e d  to b e  
r e l a t i v e l y  n o n - t o x i c  a n d  c ould b e  u s e d  for 
c o n n e c t i o n s  t o  c on du ct  the p e r f u s i o n  t e s t s  w i t h  
t h e  'test solutions' o b t a i n e d  f ro m  o t h e r  k i n d s  
of t u b i n g  t o  d e m o n s t r a t e  t h e i r  t ox ic it y.  As t h e r e  
w a s  n o  k n o w n  inert m a t e r i a l  to start w i t h ,  a n d  
as the tes t  sol ut io ns  f r o m  o ther m a t e r i a l s  w e r e  
to flow t h r o u g h  the c o n n e c t i n g  t u b i n g ,  this w a s  a  
r a t h e r  d i f f i c u l t  d e c i s i o n .  A n a l y s i s  o f  t he  p r e v i o u s  
w o r k  i n d i c a t e d  t hat a m o n g  t h e  s ev e r a l  m a t e r i a l s  
p r e v i o u s l y  u s e d  as c o n n e c t i n g  t u b i n g  in t he  
p e r f u s i o n  e xp er im en ts  'Po ft ex  C r y s t a l  V i n y l '
P . V .C .  t u b i n g  w a s  r e l a t i v e l y  s a t i s f a c t o r y  if it 
h a d  b e e n  in u se  for a  l o n g  time a n d  h a d  b e e n  
s u b j e c t e d  to a  l e n g t h y  e l a b o r a t e  p r o c e s s  of 
c l e a n i n g  (and s te r i l i z a t i o n )  b y  ' C a l g o n  Method' 
a  n u m b e r  o f  t i m e s  r e p e a t e d l y .  It w a s  d e c i d e d  t o  
u s e  this t u b i n g  as s t a n d p i p e - c o n n e c t i n g t u b e s  w h i l e  
s t u d y i n g  t h e  effect o f  t o x i c i t y  f r o m  o t h e r  
k i n d s  o f  tubing. B u t  a  n a r r o w  b o r e  and 
s u f f i c i e n t l y  f l e x i b l e  t ub in g,  m a d e  o f  t he  s a m e  
m a t e r i a l  n e e d e d  for t r a n s d u c e r - c o n n e c t i n g - t u b e ,  
w a s  not a v a i l a b l e ,  a n d  'Si li co ne -1 95 6'  (also
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c l e a n e d  r e p e a t e d l y  s e v e r a l  t imes), h a d  to h e  
u s e d  for t h i s  purpose. T h i s  p ro c e d u r e ,  i n  fact, 
i m p l i e d  t h e  p r o v i s i o n a l  a s s u m p t i o n  t h a t  'Portex 
C r y s t a l  Vinyl* P.V.C. a n d  * S i l i c o n e - 1 9 5 6 *  t u b i n g  
c l e a n e d  r e p e a t e d l y  w g y f r e l a t i v e l y  n o n - t o x i c .  However, 
V  s i n c e  a l l  s o l u t i o n s  ( i n c l u d i n g  t h e  c o n t r o l  and
test s ol u t i o n s )  w e r e  to p as s  t h r o u g h  t h e s e  two 
k i n d s  o f  t u b i n g ,  a n y  t o x i c i t y  s t i l l  p r e s e n t  
i n  t h e m  c o u l d  b e  r e g a r d e d  as a  c o n s t a n t  f a c t o r  
f o r  all p r a c t i c a l  pur po se s.
T h e  t o x i c i t y  o f  'Portex C r y s t a l  V inyl' P . V .C .  
t u b i n g  i t s e l f  and of f p o r t e x  Sta nd ar d^  P . V . C .  t u b i n g  
w a s  i n v e s t i g a t e d  i n i t i a l l y  u s i n g  ' Portex C r y s t a l  Vinyl* 
a nd  ' Si l i c o n e -1956' as s t a n d p i p e - c o n n e c t i n g - t u b e s  and 
t a n s d u c e r - c o n n e c t i n g - t u b e s  r es p e c t i v e l y .  T h e  'test 
Solutions' for i n v e s t i g a t i n g  the t o x i c i t y  o f  t h e s e  two 
k i n d s  of t u b i n g  w e r e  p r e p a r e d  b y  t h e  'boiling o f  tubing' 
m e t n o d  d e s c r i b e d  u n d e r  t he  p r e p a r a t i o n  o f  t es t  s ol utions.
B y  t his m e t h o d  t h e  p r e s u m e d  toxic product f r o m  t h e  mat er ia l  
of t h e  t u b i n g  w a s  e x p e c t e d  to b e  e x t r a c t e d  b y  b o i l i n g  a n d  
t he  e xt r a c t  w a s  s u b s e q u e n t l y  i n c o r p o r a t e d  i n  a  s a m p l e  of 
R i n g e r ' s  s o l u t i o n  f o r  c o n d u c t i n g  t he  test p e r f u s i o n s  t o  
s t u d y  the a c t i o n  of t e s t  solution, i f  any, o n  t h e  a c t i v i t y  
of t h e  i s o l a t e d  p e r f u s e d  heart. A l t h o u g h  this p r o c e d u r e
c l e a r l y  d e m o n s t r a t e d  t h e  t o x i c i t y  o f  t h e s e  two k i n d s  o f
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t u b i n g  a n d  the r e s u l t s  w e r e  h i g h l y  e n c o u r a g i n g  f o r  c o n d u c t i n g  
f u r t h e r  t e s t s  w i t h  o t h e r  m a t e r i a l s ,  t h e  m e t h o d  of p r e p a r i n g  
t h e  'test solution' b y  'boiling* d i d  not r e p r o d u c e  t h e  a c t u a l  
c i r c u m s t a n c e s  u n d e r  w h i c h  i n t e r f e r e n c e  in the e x p e r i m e n t s  o n  
t h e  a c t i o n  of s m a l l  q u a n t i t i e s  of a c e t y l c h o l i n e  a n d  oth er  
s u b s t a n c e s ,  w a s  e n c o u n t e r e d  d u e  to f re qu en t  o c c u r r e n c e  o f  
u n s a t i s f a c t o r y  con tr ol s.  T h i s  i n t e r f e r e n c e  r e s u l t e d  f r o m  
t h e  p o s s i b l e  r el ea se  of some tox ic  pro du ct  into t h e  test 
s o l u t i o n s  w h e n  t h e s e  s o l u t i o n s  l a y  s t a g n a n t  i n s i d e  the 
c o n n e c t i n g  t u b i n g  for s om e  time. It w a s  a b u n d a n t l y  c l e a r  f r o m  
the p r e v i o u s  w o r k  t ha t  i f  the c o n t r o l  s o l u t i o n  w a s  a l l o w e d  to 
r e m a i n  in contact w i t h  t h e  c o n n e c t i n g  t u b i n g  f o r  a b o u t  1 0  
m in u t e s ,  t he  p e r f u s i o n  of the h e a r t  w i t h  s u c h  a  s o l u t i o n  
o f t e n  p r o d u c e d  a s i g n i f i c a n t  effect o h  t h e  a c t i v i t y  o f  t h e  
h e a r t .  A  b e t t e r  a pp ro ac h,  there fo re ,  w a s  to test the 
t o x i c i t y  o f  a  s o l u t i o n  i n  w h i c h  p ieces o f  t u b i n g  h a d  
a c t u a l l y  b e e n  s u s p e n d e d  for s ome time. M o r e o v e r ,  t h e  'boiling 
of tubing' m e t h o d  w a s  a l s o  c o n s i d e r e d  as a  r a t h e r  d r a s t i c  
p r o c e d u r e .  T o  m eet t h e s e  r e q u i r e m e n t s  t h e  m e t h o d  of 
's o a k i n g  o f  tubing' for the p r e p a r a t i o n  o f  t es t  s o l u t i o n s  
(see b e l o w )  w a s  f i n a l l y  adopted.
W h e n  the m e t h o d  o f  p r e p a r i n g  t h e  tes t  s o l u t i o n s  f r o m  
t u b i n g  b y  'soaking of tubing' w a s  b e i n g  s t a n d a r d i s e d  a n o t h e r  
p r o b l e m  c re pt  in. T h e  m a n u f a c t u r e  o f  'Portex C r y s t a l  Vinyl' 
P.V.C. t u b i n g  w h i c h  w a s  b e i n g  u s e d  as s t a n d p i p e - c o n n e c t i n g -
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tube, w a s  d i s c o n t i n u e d #  T he  s u b s e q u e n t  w o r k ,  t h e r e f o r e ,  w a s  
c o n d u c t e d  b y  s u b s t i t u t i n g  'Wateredear' P . V . C .  as s t a n d p i p e -  
c o n n e c t i n g - t u b e s  a f t e r  s u b j e c t i n g  t h e m  to r e p e a t e d  c l e a n i n g  
t h r o u g h  t h e  'Calgon M e t h o d ' .  W h e n  t h e s e  o t h e r  c h a n g e s  w e r e  
b e i n g  m a d e  in t h e  p ro d e d u r e ,  it w a s  also c o n s i d e r e d  u s e f u l  
to t r y  s om e  o t h e r  k i n d  of t u b i n g  for t r a n s d u c e r - c o n n e c t i n ^ -  
tu b e s  b e c a u s e  the c on t a c t  o f  s o l u t i o n s  even w i t h  t h e  short 
l e n g t h  (1.5") of 'Silicone -1956' w h i c h  w a s  b e i n g  u s e d  as 
t r a n s d u c e r - c o n n e c t i n g - t u b e s  o f t e n  r e s u l t e d  in u n s a t i s f a c t o r y  
c o n t r o l s  a nd  the transduc e r - c o n n e c t i n g - t u b e s  h a d  to b e  
f l u s h e d  f r e q u e n t l y  t o  o b t a i n  s a t i s f a c t o r y  r e s u l t s .  ' Si li co ne  
D S R -551* 9 there fo re ,  w a s  s u b s t i t u t e d  for t r a n s d u c e r - c o n n e c t i n g -  
t u b es .  A f t e r  m a k i n g  a l l  t h e s e  changes, it w a s  a l s o  f el t  t ha t  
f o r  u n i f o r m i t y  o f  r e s u l t s  a l l  the 7 m a t e r i a l s  o r i g i n a l l y  
s e l e c t e d  for i n v e s t i g a t i o n  o f  t o x i c i t y  s h o u l d  b e  i n v e s t i g a t e d  
b y  t he  n e w  t e c h n i q u e ,  and c o n s e q u e n t l y  t h o s e  t w o  k i n d s  of 
t u b i n g  ( na m e l y  - Portex C r y s t a l  Vinyl' a n d ' P o r t e x  Sta nd ar d*  
P.Y.C) which w e r e  i n i t i a l l y  i n v e s t i g a t e d  b y  o b t a i n i n g  
'test solutions' f r o m  t h e m  b y  the ' b o il in g  o f  t u b i n g ' 
m e t h o d ,  w e r e  r e - i n v e s t i g a t e d  a lo ng  w i t h  o t h e r  m a t e r i a l s  u s i n g  
t h e  'so ak in g  of tubing' m e t h o d  o f  p r e p a r i n g  t h e  t es t  s o l u t i o n s  
a n d  u s i n g  'Waterclear' P . V . C .  a nd  ' S i l i c o n e  D S R - 5 5 1 *  as 
c o n n e c t i n g  tub es .
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R e p a r a t i o n  of S o l u t i o n s  t o  T e s t  f or  T o x i c i t y  
( Test SolutionsT
T h e  t w o  m e t h o d s  o f  p r e p a r i n g  t he  t es t  s o l u t i o n s  p r e s u m a b l y
incorporating the toxic product from different kinds of
t u b i n g  are d e t a i l e d  b e l o w :
1. 'Boiling o f  Tubing* M e t h o d :  A  o ne  foot l e n g t h
o f  e a c h  k i n d  o f  t u b i n g  w a s  d i v i d e d  into s ma ll
pieces e ach about 2 i n c h e s  long. T h e  pieces
of each k i n d  of t u b i n g  w e r e  b o i l e d  s e p a r a t e l y
f o r  h a l f  a n  h o u r  i n  25O m l  of d o u b l e  d i s t i l l e d
w a t e r  in a  lar ge  b ea k e r .  T h e  p ie ce s  w e r e  t h e n
r e m o v e d  w i t h  t h e  h e l p  of a  g l a s s  r o d  a n d  t h e  fluid
a l l o w e d  t o  cool. T h e  v o l u m e s  of t h e  d i f f e r e n t
s t o c k  s o l u t i o n s  n e e d e d  to p re p a r e  2 l i t r e s  o f  t he
u s u a l  R i n g e r ' s  s o l u t i o n  w e r e  a d d e d  t o g e t h e r  to
o b t a i n  a  c o n c e n t r a t e d  m i x tu re .  H a l f  o f  this m i x t u r e
w a s  m a d e  u p  to 1 l i t r e  b y  a d d i n g  d o u b l e  d i s t i l l e d
water and the Ringer's solution so obtained was
u s e d  for t h e  p e r f u s i o n  of t he  h e a r t  f r o m  the
"finreswrvoix, t h e  o th er  h a l f  w a s  d i v i d e d  i n t o ^ e q u a l  
parts a n d  each part w a s  t r a n s f e r r e d  i n t o  a  v o l u m e t r i c  
fla sk  o f  500 ml cap ac it y*  A  l ab el  b e a r i n g  t h e  n a m e  
of t he  t u b i n g  u n d e r  i n v e s t i g a t i o n  w a s  a f f i x e d  o n  one 
o f  t h e  two f l a s k s  w h i l e  t h e  s ec on d  f l a s k  w a s  m a r k e d  
'control'. T h e  test s o l u t i o n  w a s  n o w  p r e p a r e d  b y
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a d d i n g  t h e  f lu id  o b t a i n e d  b y  b o i l i n g  t h e  t u b i n g  
i n t o  t h e  a p p r o p r i a t e l y  l a b e l l e d  f l a s k  a n d  t h e  v o l u m e  
w a s  m a d e  u p  to ^00 m l  w i t h  d o u b l e  d i s t i l l e d  w a t e r *
T he  c on t r o l  s o l u t i o n  in t h e  'control* f l a s k  w a s  
p r e p a r e d  b y  a d d i n g  t h e  s a m e  v o l u m e  of boi le d,  d o u b l e  
d i s t i l l e d  w a t e r  ( in st ea d  o f  the f lu id  o b t a i n e d  b y  
b o i l i n g  the t u b i n g )  a nd  the v o l u m e  w a s  m a d e  u p  to 
500 ml b y  a d d i n g  m o r e  d o u b l e d  d i s t i l l e d  w a t e r .  The 
c o n t r o l  s o l u t i o n  was, t he r e f o r e ,  a l s o  a s a m p l e  of 
R i n g e r ' s  s o l u t i o n  m a d e  w i t h  b o i l e d  d o u b l e  d i s t i l l e d  
water. It is obv io us  that t he  ionic c o m p o s i t i o n  of 
the d i f fe re nt  s ol ut io ns ,  i.e. t he  R i n g e r ' s  s o l u t i o n  
u s e d  f o r  p e r f u s i o n  f r o m  the r es e r v o i r ,  t h e  test 
s o l u t i o n  p r e s u m a b l y  c o n t a i n é j p t h e  t ox ic  product 
e x t r a c t e d  f rom t h e  t u b i n g  b y  b o i l i n g  a n d  t he  con tr ol  
solution, w as  a b s o l u t e l y  ident ic al .  T h e  h ea rt  w a s  
p e r f u s e d  w i t h  t h e  test s o l u t i o n  a n d  t h e  e f f ec ts  
d u e  to t o x i c i t y  w e r e  s tudied. F r e q u e n t  p e r f u s i o n s  
w i t h  c o n t r o l  s o l u t i o n  s h o w i n g  no effect o n  the heart, 
s e r v e d  a s  r o u t i n e  con tr ol s*
2* ' So aking o f  Tubing' M e t h o d : S t o p p e r e d  c y l i n d r i c a l  
v o l u m e t r i c  flasks, e a c h  o f  1 0 0  m l  c a p a c i t y ,  w e r e  
s e l e c t e d  a n d  a  l ab el  b e a r i n g  the n am e  o f  o n e  of the 
d i f f e r e n t  k i n d s  of t u b i n g  u n d e r  i n v e s t i g a t i o n  w a s  
a f f i x e d  to each. A  5 foot l e n g t h  o f  e a c h  k i n d  of
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t u b i n g  w a s  d i v i d e d  into s m a l l  pie ce s  e a c h  about 
2 i n c he s  long. T h e s e  pieces, w e r e  t h e n  s u s p e n d e d  i n  
1 0 0  m l  of R i n g e r ' s  s o l u t i o n  in t h e  a p p r o p r i a t e l y  
l a b e l l e d  f l a s k  a n d  w e r e  a l l o w e d  to s t a n d  f o r  8 
to 12 h ours. H u n d r e d  m l  o f  R i n g e r ' s  s o l u t i o n  i n  one 
o f  the sam e  t yp e  o f  f lasks m a r k e d  'co nt ro l  ' also 
s t o o d  n e a r  t h e s e  test s o l u t i o n s  for i d e n t i c a l  p er i o d s  
a nd s er ve d  as a  'control solution' f o r  c o n d u c t i n g  
c o n t r o l  p er fu si on s.  S a m p l e s  w e r e  w i t h d r a w n  f r o m  t h e  
test s ol ut io ns  at k n o w n  i n t e r v a l s  o f  t i m e  a n d  w e r e  
t e s t e d  f o r  t o x i c i t y  b y  p e r f u s i n g  the hea rt s.  F requent 
p e r f u s i o n s  w i t h  s am pl es  o f  c o n t r o l  R i n g e r ' s  sol ut io n,  
o b t a i n e d  a f t e r  i d e n t i c a l  p e r i o d s  of sta nd in g,  s erved 
as c o n t r o l s  a n d  i n d i c a t e d  t hat t h e  e ff ec t  o f  test 
sol ut io n,  if any, w a s  not d u e  t o  a n y  o t h e r  possible 
v a r i a b l e  or c on ta m i n a t i o n .
T u b i n g  c l e a n e d  s ev e r a l  t imes b y  the ' C a l g o n  Method' 
w a s  u s e d  for o b t a i n i n g  the test s o l u t i o n s  b y  e a c h  o f  the two 
m e t h o d s  d e s c r i b e d  above. S o m e  e x p e r i m e n t s  w e r e  a l s o  d e s i g n e d  
to s u b s t a n t i a t e  the b e l i e f  that t h e  p r o c e s s  o f  c l e a n i n g  in 
s ome w a y  r e d u c e d  t he  t o x i c i t y  of t u b i n g .  To d e m o n s t r a t e  t h e
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i n f l u è n c e  of c l e a n i n g  o n  the t o x i c i t y  of tub in g,  t h r e e  
t y p e s  of test s o l u t i o n s  w e r e  o b t ai ne d  f r o m  e ac h  k i n d  o f  
t u b i n g  b y  s u s p e n d i n g  i n  the R i n g e r ' s  s o l u t i o n  p i e c e s  (i) 
w h i c h  h a d  b e e n  c l e a n e d  s ev e r a l  t im es  (ii) w h i c h  h a d  b e e n  
c l e a n e d  once, a n d  (iii) w h i c h  had n e v e r  b e e n  c l e a n e d  at all# 
S a m p l e s  f r o m  t h e s e  test s o l u t i o n s  w e r e  w i t h d r a w n  a f t e r  
k n o w n  intervals of s o a k i n g  a n d  w e r e  t e s t e d  o n  t h e  s a m e  h ea rt #  
I n  a d o p t i n g  t h i s  p r o c e d u r e  it w a s  e x p e c t e d  that if t he  
p ro c e s s  of c l e a n i h g  a l t e r e d  t h e  t o x i c  p r o p e r t y  o f  t u b i n g  
i n  a n y  r es p e c t ,  t h e  r e s p o n s e  of t h e  h e a r t  ought t o  show a  
g r a d e d  effect# I n i t i a l l y  t h e s e  e x p e r i m e n t s  o n  t h e  i n f l u e n c e  
of c l e a n i n g  on t h e  t o x i c i t y  o f  tubing, w e r e  c o n d u c t e d  b y  
o b t a i n i n g  test s o l u t i o n s  fro m  p i e ce s  w h i c h  h a d  b e e n  c l e a n e d  
b y  t h e  'C a l g o n  M e t h o d ' #  S i n c e  one of t he  m a n u f a c t u r e r #
( E s c o  R ub be r,  L t d # )  r e c o m m e n d e d  a  ' B i c a r b o n a t e  M e t ho d*  f o r  
c l e a n i n g  t he  tub in g,  it w a s  c o n s i d e r e d  u s e f u l  to c o m p a r e  
t he  i n f l u e n c e  of b o t h  C a l g o n  a n d  B i c a r b o n a t e  m e t h o d s  of 
c l e a n i n g  on t h e t o k i c i t y  of t h e  tubing. In s om e  o f  t h e  
e xp e r i m e n t s ,  t h e r e f o r e ,  test s o l u t i o n s  w e r e  p r e p a r e d  f r o m  
s ome k i n d s  of t u b i n g  b y  s o a k i n g  pieces w h i c h  h ad  b e e n  c l e a n e d  
o nce or several t i m e s  b y  b o t h  m et hods, a n d  t h e s e  s o l u t i o n s  
w e r e  t e s t e d  on t h e  sam e  h ea r t s .  T h e  d e t a i l s  of b o t h  C a l g o n
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a n d  B i c a r b o n a t e  m e t h o d s  o f  c l e a n i n g  a r e  g i v e n  i n  Par t  1#
T h e  g e n e r a l  t e c h n i q u e  a d o p t e d  for i n v e s t i g a t i n g  t h e  
e ffect of the test s o l u t i o n s  o b t a i n e d  f r o m  d i f f e r e n t  k i n d s  
o f  t u b i n g  w a s  the ,same as that d e s c r i b e d  i n  P a r t  I f or  
i n v e s t i g a t i n g  t h e  a c t i o n  o f  a c e t y l c h o l i n e  a n d  o t h e r  s ub st an ce s*  
T h e  h e a r t  w a s  c o n t i n u o u s l y  p e r f u s e d  f r o m  t he  r e s e r v o i r  except 
d u r i n g  c o n t r o l  a n d  test p e r f u s i o n s  w h i c h  w e r e  c o n d u c t e d  f r o m  
a  d i f f e r e n t  source* A n  i n i t i a l  c o n t r o l  p e r f u s i o n  w i t h  
c o n t r o l  R i n g e r ' s  s o l u t i o n  w a s  c a r r i e d  out for 2 m i n u t e s  f r o m  
one o f  the b u r e t t e s ,  to show that t he  p e r f u s i o n  s y s t e m  a n d  
t h e  b u r e t t e  w e r e  s at i s f a c t o r y *  T h e  b u r e t t e  w a s  e m p t i e d  a n d  
f i l l e d  w i t h  one o f  the test s ol ut io ns #  T h e  h e a r t  w a s  p e r f u s e d  
f o r  2 m i n u t e s  w i t h  the test s o l u t i o n  t o  r e c o r d  t h e  
e ff ec t  d u e  to t o x i c i t y  of t ub in g,  if any. T h e  b u r e t t e  
w a s  t h e n  w a s h e d  s e v e r a l  t i m e s  a nd  the control p e r f u s i o n  
r e p e a t e d  f r o m  it, thus 'bracketing' t h e  effect o f  a  test 
s o l u t i o n  b e t w e e n  two c o n t r o l s  f ro m  the same b u r e t t e *  E a c h  
t es t  s o l u t i o n  w a s  p e r f u s e d  f r o m  a  s e p a r a t e  b u r e t t e  a n d  n o  
b u r e t t e  or c o n n e c t i n g  t u b e  w a s  u s e d  twice, e x c e p t  w h e n  it w a s  
k n o w n  f r o m  p r e v i o u s  trials that a  p a r t i c u l a r  test s o l u t i o n  
p r o d u c e d  a  p a r t i c u l a r  type a n d  d e g r e e  o f  toxic e ffect q u i t e  
r e a d i l y  r e c o g n i s a b l e  f r o m  t h e  effect o f  a n o t h e r  sol ut io n*
U n d e r  t h e s e  c o n d i t i o n s  t wo  or m o r e  s o l u t i o n s  w e r e  t e s t e d  f r o m  
the sam e  bufcette, to o b t a i n  t h e  r e c o r d  of e f f e c t s  o f  d i f f e r e n t  
s o l u t i o n s  u n d e r  a b s o l u t e l y  i d e n t i c a l  c o n d i t i o n s  o n  a  short
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l e n g t h  of r e c o r d i n g  paper# T h i s  p r o c e d u r e  s i m p l y  i n c r e a s e d  t h e  
a c c u r a c y  of c o m p a r i s o n  a n d  a l s o  e n a b l e d  p h o t o g r a p h i c  
r e p r o d u c t i o n  o f  short r e c o r d s #  H o w e v e r ,  in a l l  s u c h  c as es  a  
c o n t r o l  p e r f u s i o n  f ro m  t h e  same b u r e t t e  w a s  c o n d u c t e d  aft er  
w a s h i n g  out t he  first t e s t  s o l u t i o n  a n d  b e f o r e  f i l l i n g  w i t h  
a  s ec on d  test solution. At times one b u r e t t e  w a s  r e s e r v e d  
f o r  c o n d u c t i n g  o n l y  c o n t r o l  p e r f u s i o n s  w h i c h  a l t e r n a t e d  
w i t h  test p e r f u s i o n s  f r o m  a n o t h e r  b u r e t t e  (or b u r e t t e s ) #  
fin i n i t i a l  c on t r o l  p e r f h s i o n  w a s  c o n d u c t e d  f r o m  e a c h  b u r e t t e  
b e f o r e  it w a s  u s e d  for test p er fu si on .
T h e  c h a n g e s  i n  t he  d if fe re nt  r e c o r d e d  p a r a m e t e r s  due to 
alter^mations i n  t h e  a c t i v i t y  of t h e  h ea rt  d u r i n g  test 
p e r f u s i o n s  a n d  t he  s i g n i f i c a n c e  of c o n t r o l s  s h o u l d  b e  
i n t e r p r e t e d  e x a c t l y  in the sam e  w a y a s  in P ar t  I. The spe ci al  
m e t h o d s  o f  c o n t r o l  m e n t i o n e d  in P a r t  I w e r e  a l s o  o c c a s i o n a l l y  
u s e d  to i n c r e a s e  t h e  a c c u r a c y  of r e s u l t s #
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RESULTS
T h e  'boiling o f  tubing' m e t h o d  o f  p r e p a r i n g  t h e  test 
s o l u t i o n  f r o m  the t u b i n g  w a s  u s e d  o n l y  for 'Portex C ry s t a l
Vinyl' a nd  'Portex Standard' P . V . C .  i n  a f e w  e xp e r i m e n t s .
Test s o l u t i o n s  f r o m  t h e s e  two k i n d s  of t u b i n g  w e r e  a lso p r e pa re d
b y  t he  'soaking m f  tubing' m e t h o d  u s4 d  f o r  oth er  k i n d s  of tubing,
A s  t he  a n a l y s i s  of t h e  r e s u l t s  i n v o l v e s  f re q u e n t  c o m p a r i s o n s
b e t w e e n  d i f f e r e n t  k in ds  of tubing, t he  r e s u l t s  o b t a i n e d  b y  t h e
'boiling of tubing' m e t h o d  h a v e  b e e n  k ep t  s e p a r a t e  a nd  w i l l
b e  r e f e r r e d  to f r o m  t i m e  to time. U n l e s s  o t h e r w i s e  stated,
the t o x i c  a c t i o n  of a  t ub in g,  t h e r e f o r e ,  i mp li es  t he  eff ec t  of
test s o l u t i o n s  o b t a i n e d  b y  s o a k i n g  p i e ce s  of d i f f e r e n t  k i n d s  of
t u b i n g  w h i c h  h a d  b e e n  c l e a n e d  a  n u m b e r  of times b y  t h e  'C a l g o n
M e t h o d ' .
T h e  e ffects p r o d u c e d  b y  t he  test s o l u t i o n s  c a u s e d  a  c ha ng e  
in t h e  v a r i o u s  p a r a m e t e r s  of c ar di ac  a c t i v i t y  to a  d i f f e r e n t  
d e g r e e .  F o r  t h e  p u r p o s e  of c o m p a r i s o n ,  t he re fo re ,  it w a s  
d e c i d e d  to c l a s s i f y  t he  e ff e c t s  into t h r e e  g ra de s,  n e g l e c t i n g  
all d o u b t f u l  e f f e c t s  (i.e. m i n o r  effects w h i c h  w e r e  not s i g n i f ­
i c a n t l y  g r e a t e r  t h a n  t h o s e  o b t a i n e d  f r o m  c on tr ol s) .
G r a d e  I - i n d i c a t e s  a  c h a n g e  i n  at least t w o  o f  t he  t hr ee  
v a r i a b l e  p ar am et er s  b y  5 to 10%&.
G r a d e  II - m e a n s  a ll  v a r i a b l e  p ar a m e t e r s  a f f e c t e d  a n d  at 
least t w o  p ar a m e t e r s  a f f e c t e d  b y  1 0  to 155^  or a  
s m a l l e r  b ut  p r o l o n g e d  effect.
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G r a d e  I I I  - m e a n s  all v a r i a b l e  p a r a m e t e r s  a f f e c t e d  and 
at l ea st  t w o  p a r a m e t e r s  a f f e c t e d  b y  m o r e  
t h a n  15^ #
T h e  d i f f e r e n t  g r a d e s  of e ff e c t s  f rom the test s o l u t i o n s  o f  
v a r i o u s  k i n d s  of P.V.C. t u b i n g  a r e  s h o w n  i n  Figs. 73 to 80.
ÙfFig. 81 illustrât es j^grade III effect from one of the silicone 
materials.
F r o m  the e x a mp le s  of e f f e c t s  see n  in Figs. 73 to 8 1  it 
is c l e a r  that the t o x i c i t y  of t u b i n g  e x e r t e d  a n  i n h i b i t o r y  
effect on the h ea rt ,  r e d u c i n g  t h e  r e c o r d e d  h ea rt  rate, a m p l i t u d e  
of c o n t r a c t i o n  a nd  a s s o c i a t e d  p a r am et er s.  In a d d i t i o n  to the 
i n h i b i t o r y  effect, t h e  teot s o l u t i o n s  f r o m  'Portex Standard' 
P .V .C .,  ' Si li co ne -1956' a n d  'Si li co ne  T C - I56' s o m e t i m e s  a ls o  
p r o d u c e d  a d e l a y e d  i n c re as e  in t h e  heart rate. T h e  effect on 
the h e a r t  rate, t he re fo re ,  w a s  b i p h a s i c  i n  t h e s e  cases, the 
r a t e  i n i t i a l l y  d e c r e a s i n g  and t h e n  i n c r e a s i n g  a b o v e  c on tr ol  v alue. 
D u r i n g  the phase o f  a c c e l e r a t i o n  of the h e a r t  t h e r e  wasja, 
f u r t h e r  d e c r e a s e  i n  t he  s y s to li c  pre ss ur e  and p u l s e  pressure, 
i n d i c a t i n g  a  f u r t h e r  d e c r e a s e  i n  the a m p l i t u d e  of c o n tr ac ti on .
The effect on the cardiac output under these circumstances 
was variable, depending upon whether the increase in the heart 
rate was sufficient to balance the decrease ih the amplitude 
(Fig. 86,87 and 88). The toxicity of all kinds of tubing was 
liable to upset the rhythm of the heart, but the incidence of 
gross arrhythmia was more common with P.V.C. tubing than with 
silicone tubing. The disturbances of, rhythm produced by the
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t o x i c i t y  of v a r i o u s  k inds o f  P .Y .C .  t u b i n g  are i l l u s t r a t e d  in 
F ig s.  7 8 , 7 9 > 8 0 , 8 2 , 8 5  a nd  84> a n d  b y  t h e  t o x i c i t y  of two k in ds
of s i l i c o n e  t u b i n g  in Pig s.  8 7  a n d  88. T h e  e f f e c t s  d ue  t o
t o x i c i t y  o b s e r v e d  d u r i n g  or a f t e r  t he  2 m i n u t e - t e s t  p e r f u s i o n
w e r e  u s u a l l y  a b o l i s h e d  b y  p e r f u s i n g  with n o r m a l  R i n g e r ' s  s o l u t i o n
and p e r m a n e n t  d a m a g e  to the h eart w a s  not e n c o u n t e r e d .  T h e
l a t e n c y  o f  onset o f  i r r e g u l a r i t y  in r h y t h m  a p p e a r e d  t o  d e p en d
on t h e  d u r a t i o n  o f  s o a k i n g  as w e l l  as on t h e  m a t e r i a l  u n d e r
i n v e s t i g a t i o n .
T h e  s u m m a r y  o f  t h e  r e s u l t s  of e x p e r i m e n t s  o n  the h earts 
of all the 35 f rogs is g i v e n  i n  . g ra p h i c  f o r m  in Fig. 85*
T h e  g r a d e s  o f  effects s h o w n  r e p r e s e n t  t h e  a v e r a g e  effect 
e v a l u a t e d  f r o m  two or m o r e  test; p e r f u s i o n s  w i t h  t he  s am e  
test s o l u t i o n  in e a c h  case. It is s e e n  that i n  the h e a r t s  o f  
10 out o f  35 frogs, n o  t ox ic  e f f e c t s  w e r e  obs er ve d.  This, 
h o w e v e r , does not d i r e c t l y  i m p l y  that these 1 0  h e a rt s  w e r e  
i n s e n s i t i v e  to t h e  t o x i c i t y  o f  t u b in g,  b e c a u s e  t h e  o c c u r r e n c e  
of toxic e ff e c t s  in a  p a r t i c u l a r  h ea rt  d e p e n d e d  o n  s ev er al  
factors*
1. T he  d o s e  o f  tox ic  s u b s t a n c e  g o n t a i n e d  i n  the test 
solution. T h i s  w a s  d e t e r m i n e d  m a i n l y  b y  t h e  d u r a t i o n  
of s o a k i n g  b e c a u s e  t h e  w l u m e  o f  f l u i d  in w h i c h  the 
t u b i n g  w a s  s oa ke d  a n d  the t o t a l  l e n g t h  of the pieces 
of t u b i n g  w e r e  i de nt ic al .  H o w e v e r ,  the t o t a l  s ur f a c e
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a r e a  o f  t u b i n g  e xp o s e d  t o  t h e  f l u i d  w a s  not s t r i c t l y  
c o n t r o l l e d  and s m a l l  v a r i a t i o n s  in the v o l u m e  o f  f l u i d  
c o u l d  a l s o  p o s s i b l y  o cc ur  w h e n  s a m p l e s  w e r e  w i t h d r a w n  
at intervals. H e n c e  m i n o r  d i f f e r e n c e s  i n  t h e  d o s e  
c o n t a i n e d  in a p p a r e n t l y  i d e n t i c a l l y  o b t a i n e d  s o l u t i o n s  
c o u l d  occur.
2. T h e  m a t e r i a l  of t u b i n g  tested. It w i l l  b e  c o n s i d e r e d  
la t e r  that t h e  d i f fe re nt  k in ds  of t u b i n g  s h o w e d  
d i f f e r e n t  d e g r e e s  of tox ic it y.  N a t u r a l l y  if m o r e  
toxic m a t e r i a l s  w e r e  i n c i d e n t a l l y  t e s te d  i n  s om e  h e a r t s  
a nd  not in others, t his w i l l  i n f l u e n c e  t h e  i n c i d e n c e  
of e ffect. S i m i l a r l y  if s everal k i n d s  o f  m a t e r i a l s  
w e r e  t e s t e d  in a heart, t h e r e  w o u l d  b e  g r e a t e r  s t a t i s t i c a l  
c h a n c e s  o f  o c c u r r e n c e  of toxic effect. T h e  r a t e  of 
r e l e a s e  o f  toxic p r o d u c t  m a y  a l s o  v a r y  w i t h  t h e  
m a t e r i a l  of t u b i n g  a n d  cou ld  i n f l u e n c e  t he  o c c u r r e n c e  
of effect.
3# T h e  n u m b e r  of t i m e s  t h e  t u b i n g  h a d  b e e n  c le aned. It
w i l l  b e  s e e n  l a t e r  that t h e  p rocess of c l e a n i n g  r e d u c e d  
t he  t o x i c i t y  of t he  t ub in g#  A l t h o u g h  a l l  t u b i n g  h a d  b e e n  
c l e a n e d  r e p e a t e d l y  several t i m e s  b e f o r e  t est s o l u t i o n s  
w e r e  o b t a i n e d  f r o m  t h e m  t he  a c t u a l  n u m b e r  o f  t im es  a  
p a r t i c u l a r  m a t e r i a l  h ad  b e e n  c l e a n e d  c o u l d  i n f l u e n c e  the 
o c c u r r e n c e  o f  effect. It s h o u l d  als o  b e  r e a l i s e d  that 
t he  p i e e e s  of t u b i n g  from w h i c h  test s o l u t i o n s  w e r e
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o b t a i n e d  w e r e  c le a n e d  b e f o r e  e a c h  e x p e r i m e n t ,  and hen ce  
the t o x i c i t y  p resent i n  t h e s e  p i e c e s  w a s  l i a b l e  to be 
r e d u c e d  p r o g r e s s i v e l y  in s u c c e e d i n g  exper im en ts *
4* F a c t o r s  r e l a t e d  to i n d i v i d u a l  h ea rt s.  I n  t h i s  c a t e g o r y
m a y  b e  i n c l u d e d  s u c h  f a c t o r s  as t h r e s h o l d  d o s e  and d y n a m i c  
c o n d i t i o n  of h ea rt s.  S o m e  v a r i a t i o n  in threshold, 
d os e  c o u l d  b e  e x p e c t e d  t h e o r e t i c a l l y  f r o m  hea rt  to 
heart, as has b e e n  f ou nd  in the c a s e  o f  m a n y  
s ub s t a n c e s  c on s i d e r e d  in Part I. T h e  s e n s i t i v i t y  of 
hearts, how ev er ,  w a s  not a n  i m p o r t a n t  f a c t o r  in 
d e t e r m i n i n g  t h e  o c c u r r e n c e  of t o x i c  e ffects f r o m  
tubing. The dynamic c o n d i t i o n  of the heart c o u l d  
p o s s i b l y  p lay a  r ol e  in d e t e r m i n i n g  the o c c u r r e n c e  
of e f f e c t  in some cases* A  f r e s h  p r e p a r a t i o n  m i g h t  
t o l e r a t e  short exp os ur es  to f e e b l e  doses o f  a  toxic 
product. S i m i l a r l y  a  g i v e n  d e g r e e  of i n h i b i t i o n  cou ld  
a pp ea r  as a  g re a t e r  p e r c e n t a g e  c h a n g e  i n  a  r e l a t i v e l y  
h y p o d y n a m i e  heart t ha n  i n  a n o r m a l  heart. Ofc ou rs e,  
it w a s  not at all n e c e s s a r y  to c o n t r o l  t h e s e  s u b t l e  
f ac to rs  in t h i s  w or k,  as the t o x i c i t y  of all v a r i e t i e s  
of t u b i n g  c o u l d  b e  e a s i l y  d e m o n s t r a t e d  and s u i t a b l e  
m et h o d s  of c o m p a r i s o n  w e r e  also e v o l v e d  to f i n d  out 
the b e s t  a v a i l a b l e  m a t er ia l.
T he  c h i e f  m et h o d s  o f  c o m p a r i n g  the t o x i c i t y  of dif fe re nt  
m a t e r i a l s  a d o p t e d  in this w o r k  w e r e  as f o l lo ws :
1. C o m p a r i s o n  of i nc id en ce  of t oxic e ff ec ts  a mo ng  t h e
191
h e a r t s  in w h i c h  d i f f e r e n t  k i n d s  o f  t u b i n g  w e r e  t e s t e d  
i r r e s p e c t i v e  o f  t h e  d u r a t i o n  of soaking*
2* C o m p a r i s o n  o f  inc id en ce  o f  t ox ic  effects a f t e r  d e f i n i t e  
i n t e r v a l s  of soaking*
5# C o m p a r i s o n  of a ct i o n s  o f  test s o l u t i o n s  o b t a i n e d  a f t e r  i de nt ic al  
d u r a t i o n  o f  s oa ki ng  f r o m  d i f f e r e n t  m at er ia ls ,  i n  t he  s a m e  heart* 
M e t h o d  1 is a p p a r e n t l y  i n a c c u r a t e  and h as  b e e n  u s e d  o n l y  as 
s u p p o r t i v e  evidence, w h e r e a s  m e t h o d s  2 a n d  3 p ro v i d e  d i r ec t  
c o m p a r i s o n  a nd  h av e  b e e n  u s e d  as c o n f i r m a t o r y  e v i d e n c e s  in a ll  
cases* T h e  r e s u l t s  w i l l  now b e  c o n s i d e r e d  in t he  light o f  t h e s e  
r e m a r k s  #
T h e  s u m m a r y  o f  r e s u l t s  g i v e n  in Fig* 85 s h o w s  that s om e  k i n d s  
of t u b i n g  h a v e  b e e n  i n v e s t i g a t e d  m o r e  t h o r o u g h l y  t h a n  others. T h e  
m a n u f a c t u r e  o f  ' P o rt ex  C ry st al  Vinyl' P .V.C. w a s  d i s c o n t i n u e d  in 
t h e  m i d d l e  o f  t h e  wor k,  h e n c e  t h e r e  w a s  n o  point i n  i n v e s t i g a t i n g  
it o n  a  l a r ge r  n u m b e r  of hearts. S i m i l a r l y  'Si li co ne -1 95 6*  has 
b e e n  r e p l a c e d  b y  n e w e r  m a t e r i a l s  e.g. ' S i li co ne  T C - I36'.
M o r e o v e r ,  i n i t i a l  e x p e r i m e n t s  s u g g e s t e d  that ' Si li co ne  D S R -55I' 
w a s  p r o b a b l y  a  b e t t e r  m a t e r i a l ,  h e n c e  p a r t i c u l a r  a t t e n t i o n  w a s  
p a i d  to this s i l ic on e  m a t e r i a l .  A m o n g  t h e  P .V.C. m a t e r i a l s  
p a r t i c u l a r  a t t e n t i o n  w a s  pai d  to 'X-lon' and ' W a t e r c l e a r ' t u b i n g ,  
as t h e s e  m a t e r i a l s  w e r e  n e w e r  a n d  t r a n s p a r e n t .
A l t h o u g h  t h e  d u r a e t i o n  of s o a k i n g  v a r i e d  f r o m  e xp e r i m e n t  to 
e xp er im en t,  the r e s u l t s  fro m  t h e  h e a rt s  of f i r s t  I4 f ro gs  suggest
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that ' P o r t e x  Standard* P.V.C# w a s  p r o b a b l y  t h e  w o r s t  o f  t h e  four 
k i n d s  of t u b i n g  t e s t e d  in t h e s e  hearts, b e c a u s e  of t he  high 
f r e q u e n c y  of o c c u r r e n c e  of toxic effects, a n d  a lso b e c a u s e  of 
t he  f r e q u e n t  o c c u r r e n c e  of l a r g e  e ffects ( g r a d e  II andC g r a d e  III)* 
S i m i l a r l y  t h e  e x p e r i m e n t s  o n  t he  h e a rt s  o f  f r o g s  I5 to 55 suggest 
that ' S i li co ne  DSR-551* w a s  p r o b a b l y  a  b e t t e r  m a t e r i a l  a m o n g  t h e  
t h r e e  k i n d s  of t u b i n g  i n v e s t i g a t e d  in t h e s e  h e a r t s .  H ow ev er ,  
b e c a u s e  t h e  test s o l u t i o n s  o f  d i f f e r e n t  d u r a t i o n  of s o a k i n g  w e r e  
t e s t e d  i n  d i f f e r e n t  hearts, a  d irect c o m p a r i s o n  o f  t he  e f f e c t s  
of d i f fe re nt  t u b i n g  t e s t e d  in all the e x p e r i m e n t s  is not possible. 
I n  s ome h e a r t s  the test s ol ut io ns  f r o m  t w o  or m o r e  k i n d s  of t ubing, 
o b t a i n e d  a f t e r  an i d e n t i c a l  d u r a t i o n  of s o a k i n g , w e r e  t es t e d .  T h e s e  
e x p e r i m e n t s  ( T a b l e  I7) c o u l d  b e  u s e d  for d i r ec t  c o m p a r i s o n .  T h e  
r e s u l t s  f r o m  t h e  heart o f  f r o g  1 i n d i c a t e  that ' Po rt ex  
Standard' P.V.C. w a s  w o r s e  t h a n  'Portex C r y s t a l  V i n y l  'P.V.C., 
'Silicone-1956' a nd  'Si li co ne  T C - I56*. T h e  r e s u l t s  f ro m  t h e  h e a r t  
of f ro g  14 s how that, a m o n g  the last three, 'Silicone-1956' w a s  
w orst. Figs. 7 5 > 8 6 , 8 7  a nd  88 a re  e x t ra ct s  f r o m  t h e  r e c o r d  o f  
this h eart. A s  m e n t i o n e d  i n  r e f e r e n c e  to Fig. 75, a  s o l u t i o n  of 
'Portex C r y s t a l  Vinyl' P . V . C . ^ a f t e r  24 h o u r s  o f  soaking^ p r o d u c e d  
a  g r a d e  I effect. T e s t  solutions, o b t a i n e d  a f t e r  t he  s a m e  
d u r a t i o n  of s o a k i n g  f ro m  t wo  k i n d s  o f  s i l i c o n e  t u b i n g  r e c e i v e d  
from the same m a n u f a c t u r e r ,  w e r e  also t e s t e d  in t he  h eart, as 
s ho wn  i n  F ig .  86. T h e  test s o l u t i o n  from ' Si li co ne  T C «  I56'
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p r o d u c e d  n o  effect, b ut  a  p r o l o n g e d  small effect ( c l a s s i f i e d  
as g r a d e  II) w a s  o b t a i n e d  from the test s o l u t i o n  o f  ' Si li co ne -  
1956* • S a m p l e s  f r o m  the same test s o l u t i o n s  o b t a i n e d  a f t e r  56 
h o u r s  o f  s o a k i n g  w e r e  a g a i n  t e s t e d  i n  t h i s  h eart. T h e  test 
s o l u t i o n  f r o m  'Silicone T C - I56' n o w  e x h i b i t e d  : j g r a d e  I t o x i c i t y  
(Fig. 87) b u t  the test s o l u t i o n  f r m  ' Silicone-1956* s h o we d  no 
e v i d e n c e  o f  i n c r e a s e  i n  t he  tox ic it y,  still s h o w i n g  a  g r a d e  II 
e ffect (Fig 88). T h e r e  w a s  a ls o  no i n c re as e  in t h e  t o x i c i t y  o f  
t h e  test s o l u t i o n  f r o m  'Portex C r y s t a l  Vinyl* P . V .C .  (Fig. 85). T h e s e  
r e s u l t s  s h o w e d  that ' Si li co ne  T C - I56' w a s  s l i g h t l y  b e t t e r  t h a n  
'Portex C r y s t a l  V i n y l ' P . V . C .  and ' S i l i c o n e - 1 9 5 6 ' .  'S i l i c o n e  TC—
156* is a  n e w e r  p ro du ct  t h a n  ' S i l i c o n e -1956' a nd  w a s  b e t t e r  t h a n  
t h e  old p r o d u c t  i n  t w o  r e s p e c t s :  (i) the t o x i c i t y  of 'Silicone
T C - I56' w a s  evident a f t e r  a  l o n g e r  d u r a t i o n  o f  soalcing, and 
(ii) ' Si li co ne  T C - I56' p r o du ce d  a l o w e r  g r a d e  effect. T a b l e  I7 
a lso s h o w s  that 'X-lon' P.V.C., ' W a t e r c l e a r ' P.V.C. a nd  ' S i l i c o n e r  
J S R -551* all p r o d u c e d  g r a d e  III e ff ec ts  in t h e  heart of f r o g  I5.
T h e  r e c o r d s  o f  t h e s e  tests a re  i l l u s t r a t e d  in Figs. J d^ BO  and89*
L a r g e  toxic e f f e c t s  f r o m  'X-lon' P.V.C* a nd  ' S i l i c o n e  DSR-551* 
w e r e  also o b s e r v e d  in the h ea rt  of f r o g  16. T h e  r e s u l t s  f ro m  
the h ea rt s  of s ub se qu en t  frogs ( frogs n u m b e r s  18,19>20,21 a n d  
25), however, show tha t  t h e  h i g h  d e g r e e  of t o x i c i t y  e x h i b i t e d  b y  
'Si li co ne  DSR-551*> ' W a t e r c l e a r 'P.V.C. and 'X-lon' P.V.C. in  t h e  
heart o f  f r o g s  I5 a n d  16 w a s  e l i m i n a t e d  c o m p l e t e l y  f r o m  'Silicone 
DSR-551* a nd  to a g r e a t  extent f r o m  'Waterclear' but v e r y  l i t t l e
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from the *X-lon* P#Y*C. tubing, as the tubing was subjected to 
further cleaning before each experiment. The high frequency with 
which *X-lon* P.V.C. producMh^toxic effects, indicates that it was 
the worst material among these three kinds of tubings. *^aterclear* 
and *X«lon* P.V.C. were comparatively new products. Their toxic 
effect,therefore, was compared on some hearts. Pigs 90 and 91 are 
illustrations from the record of the heart of frog JO* Pig* 90 
shows that the test solution from 'Waterclear* P.V.C. cleaned 
several times, had no effect. Pig. 91 shows the effect of three 
test solutions from *X-lon* P.V.C., obtained by soaking pieces 
Ci) which had been cleaned several times, (ii) which had been 
cleaned once only, and (iii) which had not been cleaned at all.
Each test solution (including that from *Waterclear* P.V.C. ) was 
obtained after 28 hours of soaking. A graded effect of the three 
test solutions from 'X-lon* P.V.C. was observed, indicating that 
the toxicity of *X-lon* P.V.C. was reduced as a result of cleaning. 
Figs. 90 and 91 also illustrate that *Waterclear* P.V.C. was 
better than *X-lon* P.V.C.
The incidence of effect and the incidence of different 
grades of effect obtained with test solutions from different 
kinds of tubing soaked for 6 to 24 hours, are given in Table 18. 
The occurrence of toxic effect within this duration of soaking 
was not common. Tests for toxicity, therefore, were conducted 
mostly after 24 hours of soaking. Due to this reason, the number 
of hearts in which each kind of tubing was tested is small in
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Table 18. Nevertheless, in comparative terms the occurrence of 
toxic effect within this duration from a material was an indication 
of the quick rate With which the toxic product was released into 
the surrounding fluid and could be regarded as an important 
point for comparing the toxicity of different materials. 
i*Portex Crystal Vinyl*, * Port ex Standard*, *X-lon* P.V.C# and 
* Silicone-1956* showed toxic effects within this duration and 
should, therefore, be regarded as unsuitable products# Among 
the P.V.C, materials *Waterclear* was best and *Portex Standard* 
P.V.C. was worst. Among the Silicones, * Silicone-195 6* was worst, 
showing a grade II effect within this period of soaking.
The incidence of effect after soaking the pieces of different 
kinds of tubing for 8 to J6 hours is given in Table 19* It is 
seen that the number of kinds of tubing showing toxic effect now 
increased, all materials showing toxic effect# Up to the duration 
of 56 hours of soaking *Waterclear* was the best product among 
both P.V.C. and silicone materials, because of the low incidence 
of toxicity. * Silicone PSR-JJl* was the next best material# The 
other kinds of tubing showed a very high incidence of toxic effects 
within J6 hours of soaking.
Table 20 gives the incidence of toxicity from different kinds 
of tubing after soaking for 8 to 72 hours# It was mentioned in 
the beginning that the results of experiments in which the test 
solutions obtained by *boiling of tubing* method were used, have 
been kept separate. The *boiling of tubing* method was considered
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a rather severe test procedure* Since soaking for 72 hours was 
also a fairly severe procedure, the results of both the 
procedures have been considered together in Table 20. Only the 
results of two experiments/_which test solutions were obtained by 
boiling pieces of * Portex Crystal Vinyl*P.V.C. have been included. 
Other tests in which boiling method^ was used have been ignored 
because the adjacent controls were not considered satisfactory 
or because the record was not stable. It is clear that the 
inclusion of these tests has not in any way influenced the general 
pattern of results. Table 20 shows that, although the percentage 
incidence of effect was high with *Portex Crystal Vinyl*P.V.C. 
and ‘Silicone TC-I56*, these materials never produced large 
toxic effects. Bothwere tested in the hearts of the same 4 
frogs, in 2 of which neither gave any effect, while in the other 
2 both gave a grade I effect. In these hearts the test solutions 
in which the tubing had been s-oaked for 24 to 72 hours were 
tested. Hence these materials exhibited only a low grade toxicity 
even after prolonged soaking. However, the high incidence of 
toxicity would suggest that the toxic substance from them is re­
leased quite quickly into the fluid and therefore was present 
in effective amounts in a large number of test solutions. The 
percentage incidence of effect with ‘Waterclear'P.V.C. and ‘Silicone 
BSR-JJl' was low, being lowest with ‘Silicone DSR-9J1‘. The 
percentage incidence of effect with other tubing i.e. ‘Portex
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Standard* P.V.C*, * X-lon* P.V.C. and ‘Silicone -1956* wos very high, 
*Portex Standard * P.V.C. proved to be the worst tubing, because 
of the high percentage incidence of effect and also because of 
the high incidence of grade II and III effects.
The total number of hearts in which ‘Portex Crystal Vinyl*, 
‘Silicone-1956* and ‘Silicone TC-I56* were tested is small. The 
number further decreased when the results are sub-divided 
according to the duration of soaking as already seen in Table 18 
and 19* The conversion of these small numbers of affected hearts 
into percentage may not be justified statistically. However, 
this seems to be a satisfactory way of comparing the toxicity of 
test solutions obtained after different durations of soaking.
Such a comparison of percentage incidence of effects and the 
percentage incidence of various grades of effects after different 
durations of soaking, is given in Table 21. Whereas the percentage 
values may not indicate the absolute incidence of effect, there 
is a definite indication that, the percentage incidence of 
effect increased with the duration of soaking, except in 
the case of ‘Portex Crystal Vinyl* and ‘Silicone-1956* 
tubing. However, the test solution from each of these two kinds 
of tuhing, after 24 hours of soaking, was tested ini only one 
heart. The combined incidence of grades II and H I  effects also 
roughly correlates with the duration of soaking. The data of 
Table 18,19,20 and 21 clearly show that as the duration of
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soaking increased, the incidence of toxic effect, the degree 
of toxic effect and the number of kinds of materials showing 
toxic effect increased progressively, suggesting that the 
occurrence of these effects was directly related to the quantity 
of the toxic product released into the test solution.
The results so far considered indicate that ‘^ ^aterclear* 
was the best material among the P.V.C^^I^^nd ‘Silicone BSR-551* 
was the best material among silicon^fv^Further, between 
‘Y/aterclear‘ P.V.C. and ‘Silicone DSR-5J1‘ the latter was slightly 
better, because of the lower incidence of toxic effect. However, 
it should be realised at this point that whenever an effect with 
‘Silicone DSR-JJ1‘ was observed, it was always a grade III effect. 
The effect of this tubing in the hearts of frogs IJand 16 was 
related to the first recent supply of the material, and the 
effect in the heart of frog JJ was related to the second recent 
supply of the material. Although before being tested in each 
of these three hearts the tubing had been cleaned J to 4 times, 
these cleanings were not enough to remove the toxicity; but further 
cleanings completely removed the toxicity, so that no effect was 
observed in subsequent experiments. Thus it is essential that 
‘Silicone DSR-JJl* must be cleaned 6 to 8 times before the 
toxicity^present in the freshly supplied material^ is completely 
eliminated. But the very fact that the toxicity from this material 
can be eliminated after 6 to 8 cleanings, places this tubing in 
a far better position in comparison to other kinds of tubing from 
which it is not possible to eliminate the toxicity completely.
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even by several additional cleanings. Table 22 shows the 
effect of cleaning on the toxicity of three kinds of tubing, 
two of which have already been shown to be better, because of the 
low incidence of toxic effects. Three types of test solutions 
were obtained from each kind of tubing, by soaking the pieces 
(i) which had been cleaned several times, (ii) which had been 
cleaned once only and (iii) which had not been cleaned at all.
Test solutions of *X-lon* P.V.C. obtained by soaking pieces which 
had not been cleaned at all, or cleaned only once, affected all the 
8 hearts, whereas*X-lon‘ cleaned several times affected 4 hearts. 
Thus repeated cleaning neduced the incidence of effect from lOOÿo 
to 50^. The incidence of grade II and grade III effects was also 
reduced. ‘Waterclear* was tested in 6 hearts of which 2 were 
affected^one by the test solution: from pieces which had not been 
cleaned at all and the other by the test solution from pieces which 
had been cleaned only once. The effect was abolished in 1 of the 
2 hearts by repeated cleaning. In those hearts where both were 
tested, *X-lon‘ P.V.C. was worse than ‘^ '^aterclear‘ P.V.C. even after 
repeated cleanings, ‘^ ilicone DSR-JJl* was tested on 2 hearts 
both of which showed no effect with any of the three types of 
test solutions. It has already been mentioned that the toxicity 
of ‘Silicone DSR-JJ1‘ was completely eliminated by cleaning the 
tubing 6 to 8 times. ‘Waterclear‘ tubing, however, continued to
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produce grade I effects intermittently, even after many cleanings*,
In the case of ‘X-lon‘ P.V.C* the tuhing improved with
cleaning in two respects (i) the incidence of toxic effects 
decreased, (ii) the incidence of large effects also decreased. 
Pigs. 92,93 and 94 show graded effects from the three types of 
test solutions from *X-lon‘ P.V.C., indicating a reduction in 
toxicity as a result of cleaning. However, ‘X-lon* Material 
continued to produce both small and large effects even after 
many cleanings.
There was no difference between the incidence of effect 
obtained with the test solutions from a particular kind of tubing, 
when the two different methods of cleaning were used (Pig. 95)* 
Since the duration of soaking of tubing cleaned by the two 
methods varied from experiment to experiment, the results from 
all the hearts were not strictly comparable. However, in a 
few cases the duration of soaking of tubing cleaned by the 
two methods was approximately equal. These experiments are 
summarised in Table 2J. It is seen that there was no appreciable 
difference between the results obtained by the two methods of 
cleaning, flight differences recorded in Table 23 can be 
accounted for by the slight difference in the duration of 
soalcing. Also it should be realised that at times there was 
a very small difference between the grade I effect and a doubtful
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effect. It was mentioned in the beginning of the section on 
Results that all doubtful effects were regarded as no effect 
and were neglected in the analysis of the results, but it 
seemed useful to retain them in this Table, so as to indicate 
the nature of difference involved.
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DISCUSSION.
Prom the review of the literature it is clear that the 
inert nature of some kinds of rubber and plastic materials has 
been questioned from time to time. Previous work on the toxicity 
of these materials indicates a considerable concern both on the 
part of surgeons and of physicians. In clinical work these 
materials are used for several purposes e.g. as connecting 
tubing in transfusion-giving sets, in heart-lung machines, 
as containers for storage of blood, as catheters and as sutures 
in surgical operations. While the toxicity of natural rubber 
has been well recognised, at least in clinical work, the potential 
toxicity of silicone rubbers and plastic tubing, which have almost 
replaced natural rubber for many purposes, has not been appreciated.
It is rather surprising that the toxicity of these materials 
has been a concern more to clinicians than to laboratory workers 
who use them more frequently. Some form of detoxicating mechanism 
is likely to be operative in intact animals and in human beings 
and the effects, therefore, may not be manifested fully. The 
toxicity may not matter in acute pharmacological experiments for 
the demonstration of gross effects with high concentrations of 
drugs, but isolated biological preparations, which receive nutrition 
from a medium in contact with these materials, are likely to be 
dangerously influenced, ^his is of considerable importance to 
physiologists, pharmaodogists, biochemists and cytologists as well
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as to others# "Where substances in low concentration are to be 
studied using sensitive methods of recording the toxicity of 
flexible connecting tubing, manufactured from these plastic 
materials, becomes very important. Besides producing a toxic 
effect on the isolated preparation and causing interference with
ithe tests, the material of tubing may inacti'Vate some delicate
0pharmacological drugs like peivtcillin (Cowan, 1945) and
possibly other substances#
In the present work several kinds of plastic and silicone
tubihg have been investigated. The results clearly indicate that
all types of tubing tested were potentially toxic unless they
were subjected to repeated cleaning by a lengthy and elaborate
process# The toxicity from different kinds of materials was
detected after a variable interval of soaking, the incidence of
toxicity increasing with the duration of soaking. Although the
toxicity was commonly evident after 24 hours of soaking,it
should not be inferred that the effects due to toxicity can be
ignored in short-term experiments. The occurrence of toxic effects
depends primarily on the concentration and dose of the toxic
substance released into the fluid. The ratio of the total surface 
of tubing the volume of fluid in which the pieces ,
area of pieces^ere soaked to obtain test solution^^
importance. In actual experimentalwork a small volume of fluid
is usually in contact with a large internal surface area of tubing
204'
and the stagnant fluid is liable to contain effective quantities 
of toxic substance within a short time. The ability to record 
toxic effects no doubt depends oh the sensitiveness of the 
recording equipment and to some extent on the sensitivity of the 
preparation. Tbig is the explanation of the interference exper­
ienced in the initial stages of this work due to frequent 
occurrence of unsatisfactory controls. Even after repeated 
cleaning some kind of tubing may still exhibit a variable degree 
of toxicity depending on the material, duration of soaking and 
also possibly on the sensitivity of the frog heart.
B e c a u s e  of the o c c u r r e n c e  of t ox i c i t y  i n  p r a c t i c a l l y  all 
k i n d s  o f  t u b i n g  the a i m  has b e e n  to select t h e  b e s t  avail ab le .
F o u r  typ es  of t u b i n g  m a n u f a c t u r e d  f r o m  P.V.C. ( po l y v i n y l  chl or id e)  
w e r e  i nvestigated. ‘Vfaterclear‘P . V . C . a n d  ‘P o r t e x  C rystal Vinyl* 
P.V.C. w e r e  f ou nd  to be s u p e r i o r  to ‘P o r t e x  Standard* P.V .C .  a n d  
‘X-lon* P.V.C. T he  m a n u f a c t u r e  of ‘P o r t e x  C r y s t a l  V i n y l  * P . V . C .  
has b e e n  d i s c o n t i n u e d  a n d  ‘P o r t e x  Standard* P . V .C .  t u h i n g  is 
b e i n g  m a n u f a c t u r e d  instead. T h e  r e s u l t s  i n d i c a t e  that t h e  n e w  
m a t e r i a l  is m u c h  i n f e r i o r  t o  t h e  o ld  one. E x t e n s i v e  c o m p a r i s o n  
of ‘V/at e rclear * P.V.C. a n d  'X-lon^ P.V.C. t u b i n g  i n d i c a t e d  that 
the ‘ '"^atexlear* was b e t t e r  t h a n  ‘X-lon* , b u t  ‘V/aterclear* c o n t i n u e d  
to show i n t e r m i t t e n t l y  a  l o w  g r a d e  t o x i c i t y  e v e n  a f t e r  it h a d  
b e e n  c l e a n e d  m o r e  t h a n  10 times.
A m o n g  the t hr ee  types o f  s i l i c o n e  r u b b e r  t u b i n g  i nv e s t i g a t e d ,  
‘S i l i c o n e  B S R -551*was best. A l t h o u g h  it g a v e  a  l a r g e  effect o n  thr ee
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o c c a s i o n s  w h e n  t he  t u b i n g  h a d  b e e n  r e c e i v e d  f r o m  the m a n u f a c t u r e r  
s h o r t l y  b e f o r e  t e i n g  tested, it n e v e r  p r o d u c e d  a n y  effect a f t e r  
h a v i n g  b e e n  c l e a n e d  a bo ut  6 t o  8 times. T he  o th er  t wo  s i l i c o n e  
r ub be rs ,  i.e. ‘^ il ic o n e - 1 9 5 6 *  a nd  ‘^ i l i c o n e  T C - I56* w e r e  f a i r l y  
toxic. ‘S i l i c o n e  T C - I56* is a  n e w e r  product a n d  is b e t t e r  t h a n  
* ^ i l i c o n e - 1 9 5 6 ‘ • llacDougall (1953) and G r u i c k s h a n k  et al. (i960) 
i n v e s t i g a t e d  s e v e r a l  silicone r u b b e r s  f o r  t he ir  t o x i c i t y  on t he  
g r o w t h  of b a c t e r i a  a n d  o n  cell g r o w t h  in t i s s u e  c u l t u r e  a nd  f o u n d  
t h e m  to be n o n - t o x i c .  T h e  l a t t e r  w o r k e r s  a lso f o u n d  that t h e  
t o x i c i t y  of s o m e  k i n d s  of P.V.C. w a s  v e r y  great, b e i n g  a l m os t  
equ al  to t h a t  o f  n a t u r a l  r ub be r.
‘S i l i c o n e  D S R - 5 5 T *  tubing, a f t e r  6 t o  8 cleanings, w a s  
s u p e r i o r  t o  a ll  o t h e r  t u b i n g  t e s t e d  in the p r e s e n t  w or k.  The 
P.V.C. m a t e r i a l s  a r e  p l a s t i c i z e d  c o m p o u n d s  o b t a i n e d  b y  a d d i n g  
s e v e r a l  s u b s t a n c e s  as ‘stabilisers* and 'p l a s t i c i z e r s * . It is 
q u i t e  p o s s i b l e  t ha t  t he  g r e a t e r  t o x i c i t y  o f  t he  P.V.C, t u b i n g  
is d ue  t o  t h o s e  a d d e d  c o m p o u n d s  w h i c h  m a y  c o n t a i n  r e a c t i v e  
c h e m i c a l  g r o u p i n g s  w h i c h  a re  not present in a  pure p lastic l i k e  n y ­
lon. T h e s e  c o m p o u n d s  see m  to b e  w a s h e d  out into the f l u i d  in 
c on ta ct  w i t h  t h e  P.V.C. m a t e r i a l .  The s i l i c o n e s  a re  s yn th et ic  
organic c o m p o u n d s  c o n t a i n i n g  the element silicon. T he  r e l e a s e  
of t he  s i l i c o n  c o m p o u n d  or other a c t iv e  c h e m i c a l  g r o u p i n g  m a y  
be the s o u r c e  of tox ic it y.
S i n c e  t h e  p o t e n t i a l  t o x i c i t y  of m a n y  t y p e s  o f  t u b i n g  h as  
n o w  b e e n  r e a li se d,  a s u i t a b l e  m e t h o d  to c o m p a r e  t he  t o x i c i t y  of
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d i f f e r e n t  m a t e r i a l s  o n  b i o l o g i c a l  p r e p a r a t i o n s  w o u l d  b e  v e r y  u seful.
I m p l a n t a t i o n  o f  s a m p l e s  o f  t u b i n g  i n  intact a ni m a l s  cau se s  
l o c a l  t r a u m a  a n d  t h e  r e s u l t s  a re  l ia bl e  to b e  equivocal.
T h e  i n h i b i t i o n  o f  g r o w t h  o f  b a c t e r i a  h as  b e e n  u s e d  t o  detect 
t o x i c i t y  of r u b b e r  a nd  p la s t i c  m a t e r i a l s .  A test for r u b b e r  i n  
t r a n s f u s i o n  e q u i p m e n t  is b a s e d  o n  t he  effect of the r u b b e r  u p o n  
the g r o w t h  o f  Str. pyogenes. T h i s  is the t es t  p r e s c r i b e d  b y  
B r i t i s h  S t a n d a r d s  2463î 1954*
T o x i c i t y  o f  m a t e r i a l s  h a s  a l s o  b e e n  a s s e s s e d  b y  s ev er al  w o r k e r s  
on the g r o w t h  o f  c e l l s  in t i s s u e  culture. T h e  i n h i b i t i o n  o f  the 
g r o w t h  of b a c t e r i a  a nd  of t h e  g r o w t h  of c e l l s  i n  t issue c u l t u r e  
a l o n g  w i t h  d e t e r m i n a t i o n  of O 2 c o n s u m p t i o n  b y  the c u l t u r e d  
c e l l s  h a v e  a ll  b e e n  u s e d  b y  G r u i c k s h a n k  _e^ a l . (196O) f o r  t hi s  
p ur p o s e .  T h e s e  w o r k e r s  o b s e r v e d  no i n h i b i t i o n  of b a c t e r i a l  
g r o w t h  b y  s o m e  m a t e r i a l s  yet t heir t o x i c i t y  c o u l d  b e  d e m o n s t r a t e d  
b y  the o t h e r  m e t h o d s  used. T h e y  n o t e d  tha t  a  d e f i n i t e  i n h i b i t i o n  
o f  b a c t e r i a l  g r o w t h  w a s  a  c l e a r  i n d i c a t i o n  of tox ic it y,  but t h a t  
a b s e n c e  of i n h i b i t i o n  o f  b a c t e r i a l  g r o w t h  d i d  not exc lu de  t o x i c i t y  
i n  t he  m a t e r i a l  t es te d.
T h e  t o x i c i t y  of s e v e r a l  types of s i l i c o n e  r u b b e r s  a nd  P . V .C .  
t u b i n g  c o u l d  b e  d e t e c t e d  a nd  c o m p a r e d  b y  p e r f u s i i g t h e  f r o g  h e a r t s  
w i t h  test s o l u t i o n s  o b t a i n e d  b y  s o a k i n g  p i e c e s  of t u b i n g  in 
R i n g e r * s  s o l ut io n.  I n  fact the s i l i c o n e  r u b b e r s  s(%hd to b e  w i t h o u t  
effect o n  b a c t e r i a l  g r o w t h  a n d  on g r o w t h  of cells i n  tis su e  
culture, h a v e  b e e n  s ho wn  to b e  quite t ox ic  to the f r o g  heart.
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A l t h o u g h  t h e  u s u a l  ‘I n d i a  r u b b e r  tubing* of t h e  l a b o r a t o r y  h a s  not 
b e e n  s y s t e m a t i c a l l y  t es te d  d u r i n g  t he  p r e s e n t  w o r k ,  a  f e w  t r i a l s  
o n  the p e r f u s e d  hea rt s  of t h e  f r o g  s h o w e d  it t o  b e  v e r y  t oxic. 
P e r f u s i o n  o f  t he  f r o g  heart, t he r e f o r e ,  c a n  b e  a p p l i e d  as a  test 
f o r  t o x i c i t y  in a l l  kinds o f  m a t e r i a l s  a n d  seems to b e  m or e  
d e l i c a t e  tha n  o th er  tests.
T h e  a b i l i t y  to r e m o v e  t h e  t o x i c i t y  p a r t l y  or c o m p l e t e l y  b y  
r e p e a t e d  c l e a n i n g  b y  a n y  of t he  two e l a b o r a t e  m e t h o d s  
(i.e. C a l g o n  and B i c a r b o n a t e  met ho ds  d e s c r i b e d  i n  detdd.1 in t h e  
s e c t i o n  on M e t h o d s  in Part l), e m p h a s i z e s  the n e e d  to subject 
a l l  kin ds  of t u b i n g  to r e p e a t e d  c l e a n i n g  and s t e r i l i z a t i o n  at 
l ea st  10 t o  12 times b e f o r e  u s i n g  t h e  t u b i n g  in a c c u r a t e  w o r k .  
P r e v i o u s  w o r k e r s  u s e d  v a r i o u s  e x t r a c t i o n  p r o c e d u r e s  w i t h  hot a n d  
c o l d  sol ve nt s  (Parker, M o r g a n  a n d  M o r t  on 1 9 5 1  ) a n d  b o i l i n g  
( G r u i c k s h a n k  ^  a l . ^  19$0) to r e d u c e  the t o x i c i t y  of r u b b e r  a n d  
p lastic m a t e r i a l s  b ut  w i t h o u t  m u c h  success. T h e  s uc c e s s f u l  
r e d u c t i o n  or e l i m i n a t i o n  o f  t o x i c i t y  w i t h  t h e  p re s e n t  t e c h n i q u e  
of c l e a n i n g  is p r o b a b l y  d u e  to the e l a b o r a t e  p r o c e d u r e  f o l l o w e d  and 
also d u e  to the l a r g e  n u m b e r  of t i m e s  the t u b i n g  w a s  cleaned, 
the c l e a n i n g  a n d  s t e r i l i z a t i o n  of t u b i n g  b e i n g  a  r o u t i n e  p r o ­
c e d u r e  b e f o r e  eac h  exp er im en t.  It s h o ul d  b e  e m p h a s i z e d  h e r e  t h a t  
b e s i d e s  the c l e a n i n g  s o l u t i o n s  used, t he  t e c h n i q u e  of the c l e a n i n g  
p ro ce du re  in r e d u c i n g  t o x i c i t y  d e p e n d s  on a  t h o r o u g h  i nt er na l  
f l u s h i n g  of t he  tubing. T h e  s ol ut io ns  u s e d  in the d if fe re nt  
stages of c l e a n i n g  m u s t  be p a s s e d  t h r o u g h  the t u b i n g  s ev er al
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t i m e s  a n d  t h e  t u b i n g  s h o ul d  b e  f i l l e d  w i t h  t h e  c l e a n i n g  s o l u t i o n s  
a n d  a l l o w e d  to r e m a i n  in t h e  c l e a n i n g  t a n k s  f or  t he  s p e c i f i e d  
l e n g t h  o f  time. S i m p l e  r i n s i n g  or s o a k i n g  o f  t u b i n g  i n  t he  
c l e a n i n g  s o l u t i o n s  is not e n o u g h  to w a s h  out toxic pro du ct s.
The  p r e s e n t  w o r k  i n d i c a t e s  that r e p e a t e d  c l e a n i n g  i n  this 
m a n n e r  a b o u t  10 to 12 times, reduced the t o x i c i t y  o f  a ll  k i n d s  of 
tubing. Y/hether t h e  t o x i c i t y  c a n  b e  c o m p l e t e l y  e l i m i n a t e d  or c a n  
o n l y  b e  r e d u c e d  b y  r e p e a t e d  cleaning, p r o b a b l y  d e p e n d s  o n  
the m a t e r i a l .  It s e e m s  c l e a r  that tubing m a d e  f ro m  p lastic 
and  s i l i c o n e  m a t e r i a l s  is, on t h e  whole, s u p e r i o r  to t u b i n g  m a d e  
f r o m  n a t u r a l  r ub b e r .  A m o n g  the p lastic a nd  s i l i c o n e  m a t e r i a l s  
tasted ‘S i l i c o n e  D S R -55T* is b e t t e r  t ha n  t h e  others, p r o v i d e d  
that it is c l e a n e d  at l ea st  6 to 8 times or p r e f e r a b l y  10 to 
1 2  tim es ,  b e f o r e  use. ‘^ '^aterclear* P.V.C. t u h i n g  is t he  next 
b es t  choice. It mus t,  however, b e  c l e a n e d  at least 12 t imes 
and it s h o u l d  b e  r e a l i s e d  t h a t  ‘^ aterclear* P.V.C. c a n  still 
o c c a s i o n a l l y  p r o d u c e  l ow  g r a d e  tox ic  eff ec ts .  T h e s e  r e q u i r e  
to b e  i d e n t i f i e d  a n d  a l l o w e d  for i n  a ny  a c c u r a t e  work.
T h e  p hy s i c a l  p r o p e r t i e s  of t he  t u b i n g  m a y  a l s o  I n f l u e n c e  
s el e c t i o n .  ‘S i l i c o n e  DSE -5 51 *  is n ot  c o m p l e t e l y  t r a n s p a r e n t  
and  a i r  b u b b l e s  c a n n o t  b e  s e e n  c l e a r l y  in t h i s  t ubing. Its 
use, t h e r e f o r e ,  is l im i t e d  t o  p r o c e d u r e s  w h e r e  a  v i s u a l  c o n t r o l  is 
not n e c e s s a r y .  ‘W a t e r c l e a r '  P .V .C .  is c o m p l e t e l y  t r a n s p a r e n t  
and a i r  b u b b l e s  do not s t i c k  to t h e  sides. O n  the o th er  hand, 
s i l i c o n e  t u b i n g  is f l e x i b l e  a n d  c o m p r e s s i b l e  and p r o v i d e s  tight
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c o n n e c t i o n s  w h e r e a s  P.V.C* tûhing, in g e n er al ,  doe s  n o t  p os se ss  
t h e s e  p ro perties* In this w o r k  'Waterclear' P .V .C .  t u b i n g  w a s  
s e l e c t e d  f o r  s t a n d p i p e - c o n n e c t i n g - t u b e s  b e c a u s e  o f  the f o l l o w i n g  
cons i de rations :
1. It w a s  c o m p l e t e l y  t r a n s p a r e n t  a n d  t h e r e f o r e  u s e f u l  
for v i s u a l  control. I n  the p e r f u s i o n  t e c h n i q u e  u sed 
in this w o r k  it w a s  i m p e r a t i v e  t o  b e  a b l e  to see 
and to a v o i d  air bub bl es .
2. The t y p e  a n d  d e g r e e  of effect p r o d u c e d  d u e  to
r e s i d u a l  t o x i c i t y  a f t e r  r e p e a t e d  c l e a n i n g  w e r e  w e l l  
k n o w n  a n d  c o u l d  b e  e a s i l y  d e t e c t e d  b y  t h e  m e t h o d s  
of con tr ol .
3. S i n c e  the i n c i d e n c e  of eff ec tw as  c o n s i d e r a b l y  
r e d u c e d  a f t e r  r e p e a t e d  cleaning, t h e r e  w a s  no 
i n t e r f e r e n c e  at a l l  in m a n y  experiments.
A l t h o u g h  it w a s  d e s i r a b l e  to use the sam e  m a t e r i a l  f o r  a ll
c o n n e c t i o n s  for the s ak e  of uniformity, '% t e r c l e a r '  P.V.C. 
t u b i n g  c o u l d  not b e  u s e d  f or  t r a n s d u o e r - c o n n e c t i n g - t u b e s  b e c a u s e  
'^aterclear' P .V .C ,  t u b i n g  d i d  not p r o v i d e  tight c o n n e c t i o n s  a n d  
w a s  not f u l l y  c o m p r e s s i b l e .  'Silicone D S R -551* w a s  i d e a l l y  s u i t a b l e  
for this p u r p o s e  a n d  w as ,  t he re fo re ,  s e l e c t e d  for t r a n s d u c e r -  
c o n n e c t i n g - t u b e s .
It m a y  b e  m e n t i o n e d  h e r e  that e x p e r i e n c e  i n d i c a t e s  tha t  
it is v e r y  use fu l  t o  f l u s h  the s o l u t i o n  w h i c h  has b e e n  i n  contact
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w i t h  a n y  k i n d  o f  tuting, e a c h  t i m e  b e f o r e  a  c r i t i c a l  test as a n  
e x t r a  p r e c a u t i o n .  It has a l r e a d y  b e e n  s ee n  i n  the r ec o r d s  of 
p re s e n t  w o r k  that t hi s  p r e c a u t i o n  w a s  f o l l o w e d  as a r o u t i n e  b e f o r e  
e a c h  c o n t r o l  a nd  test perfusion.
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SIMvIARY.
1# T o x i c i t y  of m o d e r n  connectitj]g t u b i n g  m a d e  f r o m  plastic a n d  
s i l i c o n e  m a t e r i a l s  has b e e n  i nv estigated, ' ^ h e p r e s u m e d  
t oxic p ro d u c t  o f  t u b i n g  w a s  i n c o r p o r a t e d  i n  t h e  R i n g e r ' s  
s o l u t i o n  b y  two m e t h o d s ;  (i) b y  b o i l i n g  s ma ll  p i e c e s  of t h e  
t u b i n g  i n  w a t e r  and t h e n  u s i n g  t he  w a t e r  to p r e p a r e  a  s a m p l e  
o f  R i n g e r ' s  s o l u t i o n  (ii) b y  s o a k i n g  small p i e c e s  of t u b i n g  
d i r e c t l y  i n  R i n g e r ' s  s o l u t i o n  f or  k n o w n  i n t e r v a l s  of time. 
C o n t r o l  s o l u t i o n s  to m a t c h  t he  test s ol ut io ns  exa ct ly ,  w e r e  
als o  p r e p a r e d  b y  b o t h  m et ho ds .  T h e  test s o l u t i o n s  w e r e  u s e d  
f or  p e r f u s i n g  t he  i s o l a t e d  frog h e a r t s  a n d  t he  e ff ec ts  d ue  
to t o x i c i t y  f ro m  the d i f f e r e n t  k i n d s  o f  t u b i n g  w e r e  i n v e s t i g a t e d  
on 35 h earts. T h e  e ff e c t s  due t o  t o x i c i t y  o f  t u b i n g  w e r e  
'bracketed' b e t w e e n  c o n t r o l  p er fu si on s  w i t h  c o n t r o l  s o l u t i o n s  
in e ac h  case.
2. F o u r  typ es  of P .V.C. (polyvinylchldflde) a n d  t h r e e  t y p e s  o f  
sil ic on es  w e r e  i nv es ti ga te d.  N o  m a t e r i a l  w a s  f ou nd  to b e  
inert. A l l  t u b i n g  e x h i b i t e d  toxicity.
3# T h e  i n c id en ce  o f  t o x i c i t y  w a s  lowest f ro m  'Silicone D 8 R - 3 5 1 *
This t u b i n g  a l s o  could b e  r e n d e r e d  c o m p l e t e l y  n o n - t o x i c  b y  
r e p e a t e d  cleaning. It w a s  c o n s i d e r e d  t h e  b est m a t e r i a l  a f t e r  
6 to 8 c le anings. 'Yfaterclear' P.V.C. t u h i n g  w a s  the next 
b e s t  m a t er ia l.  The i n c i d e n c e  of t o x i c i t y  f r o m  this t h b i n g  
w a s  s l i g h t l y  g r e a t e r  t h a n  that f r o m  'Silicone DSR-55T* but 
w a s  c o n s i d e r a b l y  less t h a n  that o f  o t h e r  m a t e r i a l s *  T he
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t o x i c i t y  of 'Waterclear* P .V.C. t u b i n g  c ou ld  b e  f u r t h e r  
r e d u c e d  b y  r e p e a t e d  c l e a n i n g  b ut  in s p i t e  o f  a ll  e nd e a v o u r s  
it c o n t i n u e d  to show o c c a s i o n a l  l o w  g r a d e  toxic effects.
T hi s  t u b i n g  must b e  c l e a n e d  12 times b e f o r e  u s e  and the o c c ­
a si on al  e ff ec ts  due to r e s i d u a l  l ow  g r a d e  t o x i c i t y  must b e  
w e l l  r ec og ni se d.
4* B e s i d e s  the c o n s i d e r a t i o n  of i n c i d e n c e  o f  t o x i c i t y  and d e g r e e  
of t o x ic it y,  the p h y s i c a l  p ro pe rt ie s  of t h e  t u b i n g  a re  also 
imp or ta nt  i n  i n f l u e n c i n g  selection. If it is n ot  e ss en ti al  to 
h a v e  t r a n s p a r e n t  tubing, 'Silicone D S R - 5 5 1 *  b e s t  a f t e r  6 
to 8 clean in gs .  If t r a n s p a r e n c y  is essen ti al ,  'Waterclear' 
P . V .C .  t u b i n g  c a n  b e  u s e d  p r o v i d e d  it is c l e a n e d  12 t i m e s  
b e f o r e  u s e  a n d  its o c c a s i o n a l  l o w  g r a d e  toxic e ffects 
r e c o g n i s e d .  S il i c o n e  t u b i n g  c o m p r e s s i b l e  a n d  pro vi de r  
a tig ht  c o n n e c t i o n  w h i l e  P.V.C. t u b i n g  g e n e r a l l y  lac ks  i 
t h e s e  properties.
5* D e t a i l s  of C a l g o n  and B i c a r b o n a t e  m e t h o d s  for c l e a n i n g  the 
t u b i n g  d e v e l o p e d  i n  the c ourse o f  t he  p re s e n t  w o r k  h a v e  b e e n  
d e s c r i b e d  a n d  p r a ct ic al  s u g g e s t i o n s  h a v e  b e e n  m a d e  for 
c l e a n i n g  the t u b i n g  t o  r e d u c e  tox ic it y.  B o t h  m e t h o d s  of 
c l e a n i n g  w e r e  eqiÿlly e f f e c t i v e  i n  t h i s  r e s pe ct .  W h e t h e r  
the t'Oxic it y  c a n  b e  p a r t i a l l y  r e d u c e d  or c a n  b e  c o m p l e t e l y  
e li mi na te d  d ep en ds  on t h e  m a t e r i a l  of t ubing.
6. T h e  m o d e r n  t ub in g  m ad e  f r o m  P.V.C. a n d  S i l i c o n e  m a t e r i a l s  a re  
s u p e r i o r  to the t u b i n g  m a d e  f r o m  n a t u r a l  rub be r.  O n  t he
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whole, tubing made from Silicone better than tubing made 
from P.V.C#
7# T h e  t e c h n i q u e  of d e t e c t i n g  and c o m p a r i n g  the t o x i c i t y  o f
tub in g,  w h i c h  has b e e n  d e v e l o p e d  in the c o u r s e  of t h e  present 
w o r k ,  h eems to h e  more d e l i c a t e  t h a n  t he  m e t h o d s  u s e d  
p r e v i o u s l y  b y  o th er  workers. T h e  present a p p r o a c h  is s u p e r i o r  
to t h e  m e t h o d s  u s i n g  i n h i b i t i o n  of b a c t e r i a l  g r o w t h  or of 
t i s s u e  c u l t u r e  as a n  index of toxicity.
8* T h e  i mportance, in e xp er im en ta l  work, of r e c o g n i s i n g  a nd  
r e d u c i n g  the effects of t o x i c i t y  i n  r ubber, plastic and 
s i l i c o n e  materials, is d is cu ss ed .
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a n d  n i c o t i n e  r/ere s e l e c t e d  f o r  t h i s  p u r p o s e .
. V e r y  s e n s i t i v e  e l e c t r o n i c  e q u i p m e n t  s p e c i a l l y  d e s i g n e d  
a n d  a d a p t e d  t o  s u i t  the f r o g  h e a r t  w a s  d e v e l o p e d  o v e r  a  p e r i o d  
o f  s e v e r a l  y e a r s *  T h e  e q u i p m e n t  p e r m i t s  a  w e l l  c o n t r o l l e d  
p e r f u s i o n  o f  f r o g  h e a r t  a n d  r e c o r d s  t h e  p e r f u s i o n  p r e s s u r e  
( v e n o u s  p r e s s u r e )  h e a r t  r a t e ,  a r t e r i a l  p r e s s u r e s  ( s y s t o l i c ,  
d i a s t o l i c  a n d  p u l s e  p r e s s u r e )  a n d  c a r d i a c  o u t p u t  s i m u l t a n e o u s l y  
a n d  c o n t i n u o u s l y *  T h e  e l e c t r o n i c  p ar t  o f  t h e  e q u i p m e n t  
e s s e n t i a l l y  c o n s i s t s  of a  s p e c i a l l y  d e s i g n e d  4 c h a n n e l  d i r e c t  i n k  
w r i t i n g  r e c o r d e r .  P h o t o g r a p h s  o f  d i f f e r e n t  p a r t s  o f  e q u i p m e n t  
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c a n n u l a  i n t o  t h e  i n f e r i o r  v e n a  c a v a  w i t h o u t  o p e n i n g  t h e  
p e r i c a r d i u m .  T h e  p e r f u s a t e  c o m i n g  out t h e  t w o  a o r t i c  
c a n n u l a e  p a s s e d  t h r o u g h  a n  ’a r t e r i a l  s y s t e m ’ c o n s i s t i n g  o f  
e l a s t i c  c o p n e o t i n g  t u b i n g  a n d  a r t i f i c i a l  r e s i s t a n c e ,  a n d  
f i n a l l y  e s c a p e d  out i n  t h e  f o r m  o f  d r o p s  w h i c h  w e r e  c o u n t e d  
a n d  i n t e g r a t e d  e l e c t r o n i c a l l y .  S i n c e  t h e  c o n s t a n c y  of v e n o u s  
p r e s s u r e  w a s  a  c r u c i a l  p o i n t  i n  p r o v i d i n g  a s t a b l e  r e c o r d  a n d  
a l s o  i n  p r e v e n t i n g  t h e  o c c u r r e n c e  of u n d e s i r a b l e  c h a n g e s  i n  t h e  
d i f f e r e n t  r e c o r d e d  p a r a m e t e r s  d u r i n g  a  c r i t i c a l  test p e r f u s i o n ,  
s p e c i a l  c a r e  w a s  e x e r c i s e d  i n  d e s i g n i n g  a n d  d e v e l o p i n g  t h e  
v e n o u s  p r e s s u r e  r e c o r d e r *  T h e  v e n o u s  p r e s s u r e  recordeH? a n d  
t h e  c a r r i a g e s  f o r  t h e  d i f f e r e n t  s o u r c e s  o f  p e r f u s i o n  h a v e  b e e n  
so d e v e l o p e d  tliat t h e  v e n o u s  p r e s s u r e  c a n  b e  k e p t  c o n s t a n t  at 
a n y  d e s i r e d  v a l u e  t h r o u g h o u t  t h e  p e r i o d  o f  e x p e r i m e n t  l a s t i n g  
f r o m  1  t o  3 days. A t  t h e  s a m e  t i m e  u n a v o i d a b l e  m i n o r  c h a n g e s  
i n  t h e  v e n o u s  p r e s s u r e  ( o f  c o u r s e  q u i t e  i n s u f f i c i e n t  to 
i n f l u e n c e  t h e  s t a b i l i t y  of r e c o r d )  of t h e  o ± d e r  o f  O . O5 c m  of 
e v e n  l es s,  v/ere r e c o r d e d  a n d  d i s p l a y e d  v e r y  p r o m i n e n t l y .  A  
v e n o u s  p r e s s u r e  m o n i t o r i n g  m e t e r  c o n s t a n t l y  g u i d e d  t h e  o p e r a t o r .
Special methods of precaution and control were introduced 
at several stages of the experiment so that the effect of test 
solutions were well controlled and it was clearly shown bn the 
record that there could be no possibility of unrecognised changes 
in the record due to artefacts - electronic or otherwise.
T h e  d i s t i l l e d  w a t e r  u s e d  f o r  p r e p a r i n g  s o l u t i o n s ,  
t h e  i o n i c  c o m p o s i t i o n  o f  f l u i d s ,  t h e  t y p e  o f  g l a s s  c o n t a i n e r s ,  
t h e  c o n n e c t i n g  t u b i n g ,  t h e  m i n o r  v a r i a t i o n s  i n  t e m p e r a t u r e  f r o m  
p l a c e  t o  p l a c e  i n  t h e  l a b o r a t o r y  ( a n d  c o n s e q u e n t l y  o f  s o l u t i o n s  
s t a n d i n g  at d i f f e r e n t  p l a c e s ) ,  m i n o r ■v a r i a t i o n s  in t h e  p H  of 
t h e  s o l u t i o n s  a n d  b a c t e r i a l ^ c h e m i c a l  o r  o r g a n i c  c o n t a m i n a t i o n  
of g l a s s w a r e  a n d  t u b i n g ,  a l l  w e r e  l i a b l e  t o  i n f l u e n c e  t h e  b e h a v -  
i ^  of t h e  p r e p a r a t i o n .  I^ïth c o n v e n t i o n a l  c r u d e  m e t h o d s  t h e  
i n f l u e n c e  o f  s u c h  f a c t o r s  w o u l d  n e v e r  b e  d e t e c t e d .  M o s t  o f  
t h e s e  v a r i a b l e s  w e r e  e a s i l y  c o n t r o l l e d  o n c e  t h e i r  i m p o r t a n c e  
w a s  r e a l i s e d ,  t h o u g h  a  c o n s i d e r a b l e  t i m e  w a s  d e v o t e d  t o  
a n a l y s K ÿ a n d  c o n t r o l / ^ h e m .
T h e  c h o i c e  o f  a  s u i t a b l e  t y p e  o f  c o n n e c t i n g  t u b i n g  o f  
a  r e a l l y  n o n t o x i c  m a t e r i a l  v:as f o u n d  t o  b e  a  d i f f i c u l t  p r o b l e m ,  
a n d  a  s p e c i a l  s t u d y  h a d  t o  b e  u n d e r t a k e n  t o  f i n d  out t h e  b e s t  
a v a i l a b l e  m a t e r i a l .  T h e  t o x i c i t y  o f  m o d e r n  f l e x i b l e  c o n n e c t i n g  
t u b i n g  m a d e  o f  v a r i o u s  s y n t h e t i c  p r o d u c t s  ( p o l y v i n y l c h l o r i d e  a n d  
s i l i c o n e  ) w a s  i n v e s t i g a t e d  u s i n g  t h e  f r o g  h e a r t  as t h e  t e s t  
o b j e c t .  T h e  p r e s u m e d  t o x i c  p r o d u c t s  o f  t u b i n g  w € %  i n c o r p o r a t e d  
i n  t h e  F i n g e r ’s s o l u t i o n  b y  tv;o d i f f e r e n t  m e t h o d s :  (i) b y  
b o i l i n g  o f  s m a l l  p i e c e s  o f  t h e  t u b i n g  i n  d i s t i l l e d  w a t e r  a n d  
t h e n  u s i n g  t h e  w a t e r  to p r e p a r e  a  s a m p l e  o f  R i n g e r ’s s o l u t i o n ,
(ii) b y  s o a k i n g  p i e c e s  o f  t u b i n g  d i r e c t l y  i n  t h e  R i n g e r ’s 
s o l u t i o n .  T h e  s a m p l e s  o f  R i n g e r ’s s o l u t i o n  c o n t a i n i n g  t h e  p r e s u m e d  
t o x i c  p r o d u c t s  w e r e  c a l l e d  t h e  ’t e s t  s o l u t i o n s ’ . T h e  i n f l u e n c e
of t e s t  s o l u t i o n s  f r o m  d i f f e r e n t  k i n d s  o f  t u b i n g  w a s  
i n v e s t i g a t e d  b y  p e r f u s i n g  t h e  t e s t  s o l u t i o n s  i n  f r o g  h e a r t s .
T h e  r e s u l t s  o f  t h i s  s i d e  s t u d y  a r e  c o n s i d e r e d  i n  P a r t  II.
S p e c i a l  c a r e  w a s  e x e r c i s e d  i n  t h e  c l e a n i n g  a n d  s t e r i l ­
i z a t i o n  o f  a l l  glassiTare a n d  o t h e r  a p p a r a t u s  w h i c h  c a m e  in 
c o n t a c t  w i t h  t h e  s o l u t i o n s .  C l e a n  s t e r i l e  g l a s s w a r e  w a s  u s e d  
f o r  t h e  p r e p a r a t i o n ,  s t o r a g e  a n d  u s e  o f  t h e  s o l u t i o n s *  A l l  
t e s t  s o l u t i o n s  w e r e  p r e p a r e d  i n  F i n g e r ’s s o l u t i o n  a n d  w e r e  
a d m i n i s t e r e d  b y  p e r f u s i o n .
S i n c e  t h e  s e n s i t i v i t y  o f  f r o g  h e a r t s  t o  a c e t y l c h o l i n e  
s e e m e d  t o  v a r y  f r o m  t i m e  t o  t i # e ,  e x p e r i m e n t s  w e r e  C a r r i e d  out 
o v e r  a  p e r i o d  of s e v e r a l  y e a r s  t o  d e t e r m i n e  t h e  e x a c t  p e r i o d  o f  
i n c i d e n c e  o f  h i g h  s e n s i t i v i t y .  A t  o n e  s t a g e  o f  the w o r k  it 
a p p e a r e d  t h a t  t h e  s e n s i t i v i t y  of h e a r t s  f r o m  f e m a l e  f r o g s  
w a s  p o s s i b l y  g r e a t e r  t h a n  t h a t  o f  t he  h e a r t s  of m a l e  f r o g s .
S o m e  f r o g s  ( o f  e i t h e r  sex) w e r e ^ t h e r e f o r e ^  i n j e c t e d  w i t h  f e m a l e  
s e x  h o r m o n e s  a n d  t h e  h e a r t s  o f  i n j e c t e d  f r o g s  w e r e  t e s t e d  f o r  
s e n s i t i v i t y  to a c e t y l c h o l i n e .  T h e  i n f l u e n c e  o f  t h e  c h a n g e s  i n  t h e  
R i n g e r ’s s o l u t i o n  o n  t he  s e n s i t i v i t y  of h e a r t s  t o  a c e t y l c h o l i n e  
w a s  a l s o  i n v e s t i g a t e d  i n  s o m e  p i l o t  e x p e r i m e n t s .  A  c o n s i d e r a b l e  
t i m e  w a s  d e v o t e d  t o  c o n d u c t i n g  t h e s e  d i f f e r e n t  t y p e s  o f  e x p e r i ­
m e n t s  o n  a c e t y l c h o l i n e .  I b r e o v e r  t h e  a n a l y s i s  a n d  c o n t r o l  o f  
s e v e r a l  v a r i a b l e s  a n d  t h e  d e v e l o p m e n t  o f  c o n t r o l  p r o c e d u r e s  
a n d  s t a n d a r d i s a t i o n  of t e c h n i q u e  a l l  r e q u i r e d  c o n s i d e r a b l e  time. 
T h e  o t h e r  s u b s t a n c e s ,  t h e r e f o r e ,  h a v e  n o t  b e e n  i n v e s t i g a t e d  o v e r
a s  l o n g  a  p e r i o d  a s  t h a t  d e v o t e d  t o  a c e t y l c h o l i n e .  H o w e v e r ,  
e x p e r i m e n t s  w e r e  d e s i g n e d  t o  t e s t  t h e  s e n s i t i v i t y  of f r o g  
h e a r t s  t o  o t h e r  s u b s t a n c e s  b o t h  i n  t h e  u n i n j e c t e d  a n d  i n j e c t e d  
f r o g s •
T h e  d i f f i c u l t i e s  e n c o u n t e r e d  i n  t h e  e x p e r i m e n t a l  p r o c e d u r e  
a n d  in o b t a i n i n g  a  s t a b l e  r e c o r d  a n d  s a t i s f a c t o r y  c o n t r o l s  h a v e  
b e e n  f u l l y  d e s c r i b e d  i n  t h e  s e c t i o n  o n  M e t h o d s  w h e r e  c o m m e n t s  
o n  t h e  p r o t o c o l  of e x p e r i m e n t s  a n d  a n  i n t r o d u c t i o n  o f  r e c o r d  
i a  a l s o  i n c l u d e d .
T h e  h y d r o d y n a m i c s  of t h e  p r e p a r a t i o n  w a s  s t u d i e d  i n  
d e t a i l  to o b t a i n  i n f o r m a t i o n  r e g a r d i n g  t h e  i n f l u e n c e  o f  
e x p e r i m e n t a l  v a r i a b l e s  l i k e  t h e  v e n o u s  p r e s s u r e  a n d  a r t i f i c i a l  
r e s i s t a n c e  o n  t he  d i f f e r e n t  p a r a m e t e r s  of c a r d i a c  a c t i v i t y .  T h e  
v e n o u s  p r e s s u r e  a n d  a r t e r i a l  r e s i s t a n c e  b o t h  i n f l u e n c e d  t h e  
i n o t r o p i c  a n d  c h r o n o t r o p i c  r e s p o n s e  l e a d i n g  t o  a p p r o p r i a t e  
c h a n g e s  i n  t h e  a s s o c i a t e d  p a r a m e t e r s  o f  c a r d i a c  a c t i v i t y  s u c h  
as c a r d i a c  o u t p u t  a n d  b l o o d  p r e s s u r e .
R e s u l t s  a n d  C o n c l u s i o n s .
P a r t  I Î
A c e t y l c h o l i n e :
1# T h e  t h r e s h o l d  s e n s i t i v i t y  o f  f r o g  h e a r t s  t o
—21 ■ ^  a c e t y l c h o l i n e  v a r i e d  f r o m  1 0  t o  5 x 1 0  g / m l e
T h e  c o n c e n t r a t i o n  n e e d e d  t o  s t o p  t h e  h e a r t s
^ s t o p p a g e  c o n c e n t  r a t  i o n ^ r a n g ’ed f r o m  1 0  t o  5 x 1 0  g / m l .
2# A c e t y l c h o l i n e  in a  c o n c e n t r â t  i o n  o f  10 g / m l  
c o n t a i n s  o n l y  3 * 5  m o l e c u l e s / m l  a n d  s i n c e  n o t  
m o r e  t h a n  4 m l  o f  t h e  s o l u t i o n  c o u l d  r e a c h  t h e  
h e a r t  i n  a  2 m i n u t e  test p e r f u s i o n ,  o n l y  abo ut  
13 m o l e c u l e s  o f  a c e t y l c h o l i n e  w e r e  i n v o l v e d  w h e n  
t h i s  c o n c e n t r a t i o n  vfas e f f e c t i v e *  i m p l i e s  t h a t
b i o l o g i c a l l y  a c e t y l c h o l i n e  is a c t i v e  in a n y  m o l e ­
c u l a r  c o n c e n t r a t i o n  • T h e  e f f e c t i v e n e s s  o f  a c e t y l ­
c h o l i n e  i n  s u c h  a  s m a l l  m o l e c u l a r  d o s e  h as  n e v e r  
b e e n  d e m o n s t r a t e d  p r e v i o u s l y .  T h e  p h y s i o l o g i c a l  
s i g n i f i c a n c e  of t h i s  o b s e r v a t i o n  in r e l a t i o n  to 
t h e  i m p o r t a n c e  of a c e t y l c h o l i n e  i n  t h e  n e r v o u s  
r e g u l a t i o n  o f  c a r d i a c  a c t i v i t y  in p a r t i c u l a r  a n d  
t h e  p r o c e s s  of n e u r o h u m o r a l  t r a n s m i s s i o n  i n  g e n e r a l ,  
has b e e n  d i s c u s s e d .
3# T h e r e  h a s  a l w a y s  b e e n  a  g a p  b e t w e e n  t h e o r y  a n d  
p r a c t i c e  r e g a r d i n g  t h e  e f f e c t i v e n e s s  o f  s m a l l  
q u a n t i t i e s  of a c e t y l c h o l i n e  i n  b i o l o g i c a l  s y s t e m s .  
T h e  k n o w l e d g e  a b o u t  v a r i o u s  a c t i o n s  of a c e t y l ­
c h o l i n e  is l a r g e l y  b a s e d  o n  e x p e r i m e n t a l  o b s e r ­
v a t i o n s  u s i n g  r a t h e r  h i g h  c o n c e n t r a t i o n s  of
acetylcholine and it has been a common belief that
endogenously produced acetylcholine is more effective 
than externally administered acetylcholine. This 
work clearly demonstrates the effectiveness of 
acetylcholine in all molecular concentrations and 
hence ' '.fills the gap which so far existed between 
theoretically expected and practically demonstrated 
effectiveness of acetylcholine. There is novr no need 
to presume that endogenously produced acetylcholine 
is more effective than externally administered 
acetylcholine.
4* C o n t r a r y  t o  t h e  o b s e r v a t i o n s  o f  p r e v i o u s  w o r k e r s  
a n d  c o n t r a r y  t o  t h e  c o m m o n  b e l i e f  o f  p h y s i o l o g i s t s  
a n d  p h a r m a c o l o g i s t s  t h a t  a c e t y l c h o l i n e  h y d r o l y s e s  
f a i r l y  r a p i d l y ,  it h a s  b e e n  d e m o n s t r a t e d  t h a t  i f  
t h e  s o l u t i o n s  o f  a c e t y l c h o l i n e  a r e  p r e p a r e d  a n d  s t o r e d  
u s i n g  c l e a n  s t e r i l e  g l a s s w a r e ,  t h e  s t r e n g t h  o f  t h e  
s o l u t i o n s  c o n t a i n i n g  c o n c e n t r a t i o n s  u p  t o  1 0  ^ g / m l
/liove.
is  m a i n t a i n e d  w e l l  u p  t o  $ 6  h o u r s  o r  m o r e .  Stilly^dilute 
s o l u t i o n s  m a i n t a i n  t h e i r  s t r e n g t h  f o r  8 t o  1 2  h o u r s  
a f t e r  v/hich t h e r e  is o n l y  a  s l o w  h y d r o l y s i s .  Thefriration 
o f  m a i n t e n a n c e  o f  s t r e n g t h  r o u g h l y  d e p e n d s  o n  m o l e c u l a r
oc o n c e n t r a t i o n : ’ o f  a c e t y l c h o l i n e .
5. T h e  i n c i d e n c e  o f  h e a r t c  s h o w i n g  h i g h  t h r e s h o l d  
s e n s i t i v i t y  “f d  a c e t y l c h o l i n e  v a r i e s  s i g n i f i c a n t l y  
w i t h  s e a s o n ,  b e i n g  m a x i m u m  i n  v/inter ( J a n u a r y  a n d  
F e b r u a r y )  a n d  m i n i m u m  i n  s p r i n g  a n d  s u m m e r .
6. T h e  t h r e s h o l d  s e n s i t i v i t y  t o  a c e t y l c h o l i n e  d o e s  n o t  
u n d e r g o  a n y  r e m a r k a b l e  c h a n g e  o n  a l t e r i n g  t h e  
c o m p o s i t i o n  o f  R i n g e r ’s s o l u t i o n ,  o n  a d m i n i s t r a t i o n  
of a d r e n a l i n e  a n d  a f t e r  i n j e c t i o n s  o f  f e m a l e  s e x  
h o r m o n e s  i n  i n t a c t  a n i m a l s .
7. F r e q u e n t  s p o n t a n e o u s  c h a n g e s  i n  t h e  t h r e s h o l d
s e n s i t i v i t y  t o  a c e t y l c h o l i n e  w i t h i n  1 2  h o u r s  o f
p e r f u s i o n  w e r e  n o t  c o m m o n .  W h e n  a  c h a n g e  i n
s e n s i t i v i t y  w a s  o b s e r v e d  w i t h i n  t h i s  p e r i o d ,  t h e  
s e n s i t i v i t y  u s u a l l y  d e c r e a s e d .  S i g n i f i c a n t  c h a n g e s  
i n  t h e  t h r e s h o l d  s e n s i t i v i t y ,  h o w e v e r ,  o c c u r r e d  i n  a. 
f e w  i n s t a n c e s  a f t e r  t h e  h e a r t  h a d  b e e n  o n  p e r f u s i o n  f o r  
m o r e  t h a n  1 2  h o u r s ;  t h e  s e n s i t i v i t y  d e c r e a s e d  i n  s o m e  
c a s e s  a n d  i n c r e a s e d  i n  o t h e r s .
8. A  p u r e  e x c i t a t o r y  e f f e c t  f r o m  a c e t y l c h o l i n e  w a s  n e v e r  
o b s e r v e d  a t  a n y  c o n c e n t r a t i o n ,  w i t h i n  a w i d e r  r a n g e  o f  
c o n c e n t r a t i o n s  t h a n  h a s  e v e r  b e e n  s y s t e m a t i c a l l y  t e s t e d  
b e f o r e .  O c c a s i o n a l l y  a r e b o u n d  i n c r e a s e  i n  t h e  h e a r t
r a t e  a n d / o r  a m p l i t u d e  o f  c o n t r a c t i o n  w a s  o b s e r v e d  
d u r i n g  t h e  r e c o v e r y  f r o m  a p o w e r f u l  i n h i b i t o r y  a c t i o n  
o f  a c e t y l c h o l i n e .  T h e s e  c h a n g e s  n e v e r  o c c u r r e d  
d u r i n g  t h e  a c t u a l  e x p o s u r e  o f  t h e  h e a r t  t o  a c e t y l c h o l i n e  
b u t  w e r e  a l w a y s  p a r t  o f  t he  r e c o v e r y  p r o c e s s .  T h e  
a c t i o n  o f  a c e t y l c h o l i n e  w a s  ^ t h e r e f o r e ^  a l w a y s  i n h i b i t o r y  
a n d  b o t h  t h e  c h r o n o t r o p i c  a n d  i n o t r o p i c  r e s p o n s e s  w e r e  
i n v o l v e d  a t  t h e  m i n i m u m  e f f e c t i v e  c o n c e n t r a t i o n ,  
t h e  a c t i o n  o n  t h e  f o r m e r  u s u a l l y  b e i n g  l e s s  p r o n o u n c e d .
9. D e t e r m i n a t i o n  o f  t h e  c o n c e n t r a t i o n - r e s p o n s e  r e l a t i o n s h i p  
i n  h e a r t s  w i t h  a  l o w  s e n s i t i v i t y  t o  a c e t y l c h o l i n e  l e d  
to t h e  f o l l o w i n g  c o n c l u s i o n s ;
(a) a c e t y l c h o l i n e  a c t s  o n  t h r e e  s i t e s ,
(i) p a c e m a k e r
( i i )  c o n d u c t i n g  s y s t e m
( i i i )  c o n t r a c t i l e  r e s p o n s e  ( c a r d i a c  m u s c l e )
(b) N o r m a l l y  t h e  a c t i o n  o f  a c e t y l c h o l i n e  a t  l o w e r  
c o n c e n t r a t i o n s  i s  m o r e  p r o n o u n c e d  o n  t h e  c o n t r a c t i l e  
r e s p o n s e  t h a n  o n  t h e  p a c e m a k e r . T h e  a c t i o n  a t  t h e s e  
t'wo s i t e s  i s  r a r e l y  p a r a l l e l  b u t  t h e  c h r o n o t r o p i c  
a n d  i n o t r o p i c  r e s p o n s e s  a r e  s i m u l t a n é o u s l y  i n v o l v e d  
a t  t h e  m i n i m u m  e f f e c t i v e  c o n c e n t r a t i o n .
(c) T h e  t y p i c a l  f o r m  o f  c o n c e n t r a t i o n - r e s p o n s e  c u r v e  
f o r  t h e  i n h i b i t i o n  o f  m e a n  a r t e r i a l  p r e s s u r e  a n d
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c a r d i a c  o u t p u t  ( i n d i c a t i n g  a c t i o n  o n  t h e  c o n t r a c t i l e  
r e s p o n s e )  i s  * 0 »  s h a p e d  w h e n  t h e  c o n c e n t r c i t i c n  o f  
. a c e t y l c h o l i n e  i s  p l o t t e d  o n  a  l o g a r i t h m i c  s c a l e .
I f  a. l i n e a r  s c a l e  s h o w i n g  t h e  a c t u a l  a e i p h t  o f  
a c e t y l c h o l i n e  p e r  m l .  i n  e a c h  s o l u t i o n  i s  u s e d  t h e  
c u r v e  h a s  a n  u p w a r d  c o n v e x i t y .  E s e r i n e  p o t e n t i a t e s  
t h e  a c t i o n  o f  h i y h e r  c o n c e n t r a t i o n s  b u t  h a s  n o  
e f f e c t  o r  m a y  a c t u a l l y  a n t a s o n i c o  t h e  a c t i o n  o f  l o w  
c o n c e n t r a t i o n s  o f  a c e t y l c h o l i n e j  t h e  c u r v e s  t e n d  
t o  a d o p t  a  m o r e  l i n e a r  f o r m ,
( d )  T h e  t y p i c a l  f o r m  o f  c  o n e  e  n t r a  t i  o n - r e  s p  o n s e  c u r v e  f o r  
h e a r t  r a t e  ( a c t i o n  o n  p a c e m a k e r )  i s  c u r v i l i n e a r  o n  
t h e  l o g a r i t h m i c  a s  w e l l  a s  o n  t h e  l i n e a r  s c a l e .  
E s e r i n e  h a s  a  m a r k e d  p o t e n t i a t i n g  e f f e c t  o n  t h e  
a c t i o n  o f  a l l  c o n e e n t r a t i e n s  o f  a c e t y l c h o l i n e .
( e )  A c e t y l c h o l i n e  i n d u c e s  c o n d u c t i o n  b l o c k  i n  a l l  
h e a r t s .  T h e  c o n d u c t i o n  b l o c k  m o d i f i e s  t h e
c o n e e n t r a t i o n - r e s p o n s e  c u r v e s .  E s e r i n e  h a s  a  
m a r k e d  p o t e n t i a t i n g  e f f e c t  o n  t h e  o c c u r r e n c e  o f  
c o n d u c t i o n  b l o c k  i . e .  i t  o c c u r s  a t  a  m u c h  l o w e r  
c o n c e n t r a t i o n  i n  t h e  p r e s e n c e  o f  e s e r i n e .
( f )  S t o p p a g e  o f  t h e  h e a r t  b y  a c e t y l c h o l i n e  m a y  b e  d u e  t o  
c o m p l e t e  i n h i b i t i o n  o f  m u s c l e ,  o r  d u e  t o  o n s e t  o f  
c o m p l e t e  c o n d u c t i o n  b l o c k ,  o r  b o t h  m a y  o c c u r
c  c i n c i d e n t l y .
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1 0 ,  T h e  c o n c e n t r a t i c n - r e s p c n s e  r e l a t i o n s h i p  i n  h i g h l y  
s e n s i t i v e  h e a r t s  e x h i b i t s  s i m i l a r  f e a t u r e s  w i t h  t h e  
a d d i t i o n  . t h a t  t h e  c u r v e s  f o r  a l l  p a r a n i e  t o r s
h u m p  a t  1  o w o r  c o n c e n t r â t ! o n s  , 
t h e r e  b e i n g  a  p e a k  o n  t h e  h u m p  a t  a  c e f k a i n  c o n c e n t r a t i o n  
W h e n  a  h e a r t  w a s  f o u n d  t o  b e  s e n s i t i v e  t o  v e r y  l o w  
c o n c e n t r a t i o n s ,  p r i n c i p a l  a t t e n t i o n  v ; a s  p a i d  t o  
e s t a b l i s h i n g  b e y o n d  q u e s t i o n  t h a t  t h e  e f f e c t  o f  t h e  
g i v e n  c o n c e n t r a t i o n  w a s  g e n u i n e .  M o r e  w o r k  i s  n e e d e d  
f o r  i n v e s t i g a t i n g  f u r t h e r  d e t a i l s  o f  t h e  c o n c e n t r a t i o n -  
r e s p o n s e  r e l a t i o n s h i p  b y  t e s t i n g  c o n c e n t r a t i o n s  i : r e p a r e d  
i n  s m a l l  s t e p s  o f  d i l u t i o n .
1 1 .  T h e  c u r v e s  r e p r e s e n t i n g  t h e  a c t i o n  o f  a c e t y l c h o l i n e  o n  
t h e  m e a n  a r t e r i a l  p r e s s u r e  a n d  c a r d i a c  o u t p u t  s u g g e s t  
i n v o l v e m e n t  o f  t h e  c o n t r a c t i l e  r e s p o n s e  i n  t w o  p h a s e s  
i . e .  a n  i n i t i a l  r a p i d  p h a s e  a n d  a  p h a s e  o f  r e d u c e d  
a c t i o n .  T h e  c u r v e s  f o r  t h e  a c t i o n  o f  a c e t y l c h o l i n e  o n  
t h e  p a c e m a k e r  a l s o  s u g g e s t  t w o  p h a s e s  w h i c h  a p p e a r  t o  
b e  i n  t h e  o p p o s i t e . s e q u e n c e  i . e .  a n  i n i t i a l  s l o w  p h a s e  
a n d  a  r a p i d  p h a s e .  T h e  p o s s i b l e  m e c h a n i s m  o f  a c t i o n  o f  
a c e t y l c h o l i n e  h a s  b e e n  d i s c u s s e d  i n  t h e  l i g h t  o f  t h e s e  
i n t e r p r e t a t i o n s .
1 2 .  T h e  i n c i d e n c e  o f  h e a r t s  s e n s i t i v e  t o  a c e t y l c h o l i n e  a t  
c o n c e n t r a t i o n s  l e s s  t h a n  1 C  g / m l  i s  o n l y  
B e c a u s e  o f  t h i s  l o w  i n c i d e n c e  o f  h i g h l y  s e n s i t i v e
h e a r t s  a n d  b e c a u s e  of t h e  o c c u r r e n c e  o f  
pattern; of r e s p o n s e  t o  p r o g r e s s i v e l y  i n c r e a s i n g  
c o n c e n t r a t i o n s  o f  a c e t y l c h o l i n e  at A x i u J
c o n c e n t r a t i o n s ^ t h e  f r o g  h e a r t  is n o t  a  v e r y  s u i t a b l e  
t e s t  o b j e c t  f o r  t h e  a s s a y  o f  a c e t y l c h o l i n e  i n  
c o n c e n t r a t i o n s  l e s s  t h a n  1 0  ^ g / m l *
A d r e n a l i n e  a n d  I T o r a d r e n a l i n e :
1# !Ihe t h r e s h o l d  s e n s i t i v i t y  o f  f r o g  h e a r t s  t o  b o t h  
a d r e n a l i n e  a n d  n o r a d r e n a l i n e  v a r i e d  f r o m  1 0  
t o  l O " ^  g / m l #  T h e  i n c i d e n c e  o f  h i g h l y  s e n s i t i v e  h e a r t s  
( h e a r t s  s e n s i t i v e  t o  c o n c e n t r a t i o n s  l e s s  t h a n  1 0
V
g / m l )  w a s  22Jo i n  t h e  c a s e  o f  a d r e n a l i n e  a n d  a b o u t  l O f o  
i n  t h e  c a s e  o f  n o r a d r e n a l i n e .  T h e  m a j o r i t y  of 
h e a r t s  y iO u q  i n f l u e n c e d  b y  a d r e n a l i n e  a n d  n o r a d r e n a l i n e  
i n  a  c o n c e n t r a t i o n  o f  1 0  g / m l ,  t h o u g h  s om e  h e a r t s  
w e r e  o n l y  i n f l u e n c e d  at 1 0 " ^  g / m l *
2f F r o g  h e a r t  is a  s u i t a b l e  p r e p a r a t i o n  f o r  a s s a y i n g
• a d r e n a l i n e  a n d  n o r a d r e n a l i n e  i n  c o n c e n t r a t i o n s  g r e a t e r  
t h a n  10""^ g / m l #
•"115* LoY/er c o n c e n t r a t i o n s  of a d r e n a l i n e  ( b e t w e e n  1 0  
a n d  10***^ ) o f t e n  p r o d u c e d  i n h i b i t o r y  e f f e c t s ,  'fhe 
i n c i d e n c e  o f  i n h i b i t o r y  e f f e c t s  d e c r e a s e d  at h i g h  
c o n c e n t r a t i o n s .  It is p o s s i b l e  t h a t  s o m e  d e c o m ­
p o s i t i o n  p r o d u c ‘d  o f  a d r e n a l i n e  m a y  b e  r e s p o n s i b l e  f o r
14'
a t t a i n e d *  T h e  i n c r e a s e  i n  t h e  b l o o d  p r e s s u r e  
( d e t e r m i n e d  b y  h e a r t  r a t e  a n d  a m p l i t u d e  o f  c o n ­
t r a c t i o n  only, t h e  r e s i s t a n c e  b e i n g  c o n s t a n t )  d u e  
t o  t h e  a c t i o n  o f  a d r e n a l i n e  w a s  g r e a t e r  b u t  w a s  o f  a  
s h o r t e r  d u r a t i o n  t h a n  t h a t  d u e  t o  t h e  a c t i o n  o f  
n o r a d r e n a l i n e .  T h e  m a r k e d  a c c e l e r a t i o n  p r o d u c e d  b y  
a d r e n a l i n e  r e s u l t e d  i n  a  g r e a t e r  r e d u c t i o n  in 
t h e  a m p l i t u d e  o f  c o n t r a c t i o n  d u r i n g  t h e  a c t i o n  o f  
a d r e n a l i n e  t h a n  d u r i n g  t h e  a c t i o n  o f  a  c o r r e s p o n d i n g  
s t r e n g t h  o f  n o r a d r e n a l i n e . O n  t h e  ivhole, a d r e n a l i n e  
p r o d u c e d  a  g r e a t e r  d e g r e e  o f  s t i m u l a t i o n *
5 - H y d r o x y t r y p t  a m i n e  :
1* T h e  f r o g  h e a r t  i s  l e s s  s e n s i t i v e  t o  ^ - h y d r o x y t r y p t a m i n #  
t h a n  t o  a d r e n a l i n e  a n d  n o r a d r e n a l i n e ,  t h e  t h r e s h o l d
s e n s i t i v i t y  t o  5 - h y d r o % y t r y p t a m i n e  r a n g e d  f r o m  1 0  ^
?
t o  1 0  g / m l .  W h e r e a s  a d r e n a l i n e  a n d  n o r a d r e n a l i n e  w e r e
a l w a y s  e f f e c t i v e  i n  a  c o n c e n t r a t i o n  o f  1 0 " ^  g / m l ,
^ - h y d r0x y t r y p t  a m i n e  w a s  i n e f f e c t i v e  i n  s o m e  h e a r t s
i n  t h i s  c o n c e n t r a t i o n *  O n l y  a b o u t  l l /  o f  t h e  h e a r t s
w e r e  s e n s i t i v e  t o  ^ - h y d r o x y t r y p t a m i n e  i n  a  c o n c e n t r a t i o n
o f  1 0 " ^  g / m l ,  t h e  m a j o r i t y  b e i n g  s e n s i t i v e  t o  1 0  o r  
-51 0  g / m l *  T h u s  f r o g  h e a r t  is a  s u i t a b l e  p r e p a r a t i o n  
f o r  t h e  a s s a y  o f  5 - h y d r o x y t r y p t  a m  i n  e i n  c o n c e n t r a t i o n s
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g r e a t e r  t h a n  1 0  ^ g / m l *
2# 5 -hydrox;}d:ryptamine p r o d u c e s  b o t h  e x c i t a t o r y  a n d
i n h i b i t o r y  e f f e c t s  i n  f r o g  h e a r t s #  A l t h o u g h  t h e  
i n c i d e n c e  o f  h e a r t s  s h o w i n g  a  p u r e  i n h i b i t o r y  e f f e c t  
w a s  o n l y  1 1 ^ ,  t h e  p u r e  i n h i b i t o r y  e f f e c t s  w e r e  
o b s e r v e d  at a l l  c o n c e n t r a t i o n s .  I n  t h e  m a j o r i t y  a f  h e a r t s  
a n  e x c i t a t o r y  e f f e c t  i n f l u e n c i n g  b o t h  t h e  i n o t r o p i c  
a n d  c h r o n o t r o p i c  r e s p o n s e  w a s  o b s e r v e d .  T h e  
e x c i t a t o r y  e f f e c t ,  h o w e v e r ,  i n f l u e n c e d  t h e  c h r o n o t r o p i c
r e s p o n s e  m o r e  f r e q u e n t l y  a n d  t h e  i n c r e a s e  i n  t h e
■\ -r a t e  w a s  o f t e n  a s s o c i a t e d  w i t h  a  d e c r e a s e  in t h e
o u t p u t  a n d  b l o o d  p r e s s u r e .  F r e q u e n t l y  t h e  e x c i t a t o r y
a n d  i n h i b i t o r y  c o m p o n e n t s  o f  a c t i o n  o f  ^ - h y d r o x y t r y -
 ^ pt a m i n e  w e r e  s i m u l t a n e o u s l y  o p e r a t i v e  at t h é  s a m e
c o n c e n t r a t i o n  i n  t h e  s a m e  h e a r t ,  t h e  n e t t  e f f e c t
b e i n g  a  r e s u l t a n t  o f  t h e  t w o  c o m p o n e n t s .
N i c o t i n e :
T h e  f r o g  h e a r t  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  
n i c o t i n e ,  n o  e f f e c t  b e i n g  o b s e r v e d  t i l l  s u c h  h i g h  
c o n c e n t r a t i o n s  1 0  g / m l  a r e  r e a c h e d .  N i c o t i n e  
p r o d u c e s  a n  i n h i b i t o r y  e f f e c t  o n  t h e  h e a r t  r a t e ,  t h e  
a c t i o n  b e i n g  q u i t e  r e v e r s i b l e .  N i c o t i n e  h a d  no 
•effect o h  t h e  s e n s i t i v i t y  of h e a r t s  t o  a c e t y l c h o l i n e .  
G e n e r a l  S e n s i t i v i t y  o f  a  P a r t i c u l a r  H e a r t ;
T h e  h i g h  s e n s i t i v i t y  of a  h e a r t  t o  o n e  s u b s t a n c e  is
n o t  a s s o c i a t e d  w i t h  a  h i g h  s e n s i t i v i t y  t o  o t h e r  s u b ­
s t a n c e s .
PART II:
1# T h e  t o x i c  a c t i o n  o f  t e s t  s o l u t i o n s  f r o m  7 d i f f e r e n t  
k i n d s  o f  m o d e r n  f l e x i b l e  c o n n e c t i n g  t u b i n g  w a s  
i n v e s t i g a t e d  o n  55 f r o g  h e a r t s ,  t h e  t e s t  s o l u t i o n s  
b e i n g  a d m i n i s t e r e d  b y  p e r f u s i o n .  T h e  g e n e r a l  
p r o c e d u r e  o f  e x p e r i m e n t s  a n d  c o n t r o l s  w a s  t h e  s a m e  
as t h a t  d e s c r i b e d  f or  o t h e r  s u b s t a n c e s  i n  P a r t  I.
'^our types of P.Y.C. (polyvinyl chloride) and three 
types of silicone materials were investigated.
2. No material was found to be inert. All tubing
e x h i b i t e d  t o x i c i t y .  T h e  i n c i d e n c e  of t o x i c i t y  w i t h  
* V/ater c l e a r  * P . Y . C *  and ' S i l i c o n e  P S R - 5 5 I ’ w a s  
l o w e r  t h a n  w i t h  o t h e r  m a t e r i a l s .  I'he i n c i d e n c e  o f  
t o i i c i t y  w a s  l o w e s t  f r o m  ' S i l i c o n e  D S R - 5 5 I * • ' S i l i c o n e  
D S R - 55I' c o u l d  b e  r e n d e r e d  c o m p l e t e l y  n o n - t o x i c  b y  
r e p e a t e d  c l e a n i n g .  T h e  t o x i c i t y  o f  ' % t e r c l e a r '
P . Y . C .  w a s  r e d u c e d  c o n s i d e r a b l y  b y  r e p e a t e d  c l e a n i n g  
b u t  i n  s p i t e  o f  a l l  e n d e a v o u r s  it c o n t i n u e d  t o  s ho w  
o c c a s i o n a l  l o w  g r a d e  t o x i c  e f f e c t s .  I f  it is n o t  
e s s e n t i a l  to h a v e  t r a n s p a r e n t  t u b i n g ,  ' S i l i c o n e  N S R - 5 5 1 *  
is b e s t  a f t e r  6 t o  8 c l e a n i n g s  b y  'Calgon' or 
' B i c a r b o n a t e *  m e t h o d .  If t r a n s p a r e n c y  is e s s e n t i a l ,  
' W a t e r c l e a r ' P . Y . C .  c a n  b e  u s e d  p r o v i d e d  it is c l e a n e d
x y
1 0  t o  1 2  t i m e s  a n d  i ts  o c c a s i o n a l  l o w  g r a d e  t o x i c  e f f e c t s  
r e c o g n i s e d #
5# T h e  C a l g o n  a n d  t h e  B i c a r b o n a t e  m e t h o d s  o f  c l e a n i n g  
a r e  e q u a l l y  e f f e c t i v e  i n  r e d u c i n g  t o x i c i t y .
4* O n  t h e  w h o l e ,  t u b i n g  m a d e  f r o m  s il ic on e,  is b e t t e r  t h a n  
t u b i n g  m a d e  f r o m  P . V . C .
5# T h e  t e c h n i q u e  of d e t e c t i n g  a n d  c o m p a r i n g  t h e  
t o x i c i t y  o f  t u b i n g ,  w h i c h  h a s  b e e n  d e v e l o p e d  i n  
t h e  c o u r s e  o f  p r e s e n t  w o r k  .seems t o  b e  m o r e  d e l i c a t e  
t h a n  t h e  m e t h o d s  u s e d  p r e v i o u s l y  b y  o t h e r  w o r k e r s .
T h e  p r e s e n t  a p p r o a c h  is s u p e r i o r  t o  t h e  m e t h o d s  
u s i n g  i n h i b i t i o n  o f  b a c t e r i a l  g r o w t h  or t i s s u e  c u l t u r e  
. a s  a n  i n d e x  o f  t o x i c i t y .
6. T h e  i m p o r t a n c e ,  in. e x p e r i m e n t a l  w o r k ,  o f  r e c o g n i s i n g
a n d  r e d u c i n g  t h e  e f f e c t s  o f  t o x i c i t y  i n  r u b b e r  a n d  p l a s t i c  
m a t e r i a l s  is d i s c u s s e d .
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F i g #  2 F r o n t  v i e w  o f  t h e  m a i n  o p e r a t i o n a l  p a r t s  o f  t h e
e q u i p m e n t  s h o w i n g  details o f  t h e  p e r f u s i o n  s y s t e m *
B  sa b u r e t t e s  h e l d  w i t h  c l a m p s  w h i c h  a r e  m o u n t e d  o n  
t h e  e l e c t r i c a l l y  d r i v e n  c a r r i a g e *
G  =  g r e e n  l i g h t s
E g  =  m e r c u r y  m a n o m e t e r *
M  =  m o n i t o r i n g  m e t e r s .  O n l y  t h e  m e t e r  o n  t he
e x t r e m e  r i g h t  m o n i t o r i n g  t h e  v e n o u s  p r e s s u r e ,  
i s  i n  u s e  a t  p r e s e n t ,  
m  =  e l e c t r i c  m o t o r  w h i c h  d r i v e s  the c o m m o n  c a r r i a g e  
o n  w h i c h  t h e  c l a m p s  f o r  h o l d i n g  t h e  b u r e t t e s  
a n d  M a r i e t t e  b o t t l e  a r e  m o u nt ed .  T h e  m o t o r  is 
o p e r a t e d  t h r o u g h  a  t a p p i n g  k e y  b e l o w  t h e  
o p e r a t i n g  t a b l e .  M o v e m e n t s  of t h e  c a r r i a g e  
c h a n g e  t h e  l e v e l s  o f  a l l  t h e  b u r e t t e s  a n d  t h e  
llariotte b o t t l e  s i m u l t a n e o u s l y *
P  =  p r e s s  b u t t o n s  f o r  m o v i n g  t h e  m a r k e r s *
R  =  r e s e r v o i r *  
r  =  r e s i s t a n c e  u n i t .
S =  s t a n d p i p e s  
T  = o p e r a t i n g  t a b l e *
H q
Fig. 2.
Fig. 3 S i d e  v i e w  ( seen f r o m  t h e  left)- of t h e  m a i n  o p e r a t i o n a l  
p a r t s  o f  t h e  e q u i p m e n t  s h o w i n g  t h e  d e t a i l s  of p e r f u s i o n  
sys te m.
F r o n t  p o r t i o n  ( o n  t h e  r i g h t  s i d e  o f  t h e  stand) 
d  =  d r o p  c o u n t i n g  p l a t e s  
F  = f r o g  h o a r d  
r  =  r e s i s t a n c e  u ni t  
t =  t r a n s d u c e r
B a c k  p o r t i o n  ( o n  t h e  l ef t  s id e  o f  t h e  stand) 
h  *= M a r i e t t e  b o t t l e  
B  w  b u r e t t e s  p l a c e d  h o r i z o n t a l l y .
Sc =  s c r e w s  t o  a d j u s t  t h e  r e l a t i v e  p o s i t i o n  of t h e  
b u r e t t e s .
Fig.3
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p e n  r e c o r d e r s *
OUTPUTNTEGRATOR
Q  HEART RATE #  AINTEGRATOR ^
PROXIMITY METER
BLUUUPRESSUREAMPLIFIER ^
#
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Fig. 9 The heart in position. The fluid enters the heart
through the venous cannula and is pumped out through 
the aortic caimulae* Pericardium is intact#
Aortic cannulae - Jr - •
Vcnoust^annuia ^
Fig. 9 Heart in situ.
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Fig. 34. Distribution of 86 frogs according to the 
threshold sensitivity of their hearts to 
acetylcholine. Frogs in which the minimum 
effective concentration also stopped the heart 
are included in this Figure.
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Fig» 35. Incidence of stoppage of heart in 73 frogs at 
different concentrations of acetylcholine. The 
actual number of frogs in which the heart was 
stopped at different concentrations is shown* The 
stoppage concentration was Q^:j.'Grmihe'd' in ..the hearts 
of 73 out of the total of 86 frogs.
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Fig. 3 6• Example of a heart showing stoppage at the concentration
o f  1 0 ~ ^ 5  g / m l  o f  a c e t y l c h o l i n e .  T h e  i n i t i a l  c o n t r o l s  f r o m
burette 1 and 2 are satisfactory. The rise in the output
and blood pressure before the test perfusion with lO"^^
is due to the rise in the rate, the venous pressure being
quite constant throughout. Acetylcholine 10“^^ stopped 
the heart within 3O seconds. Recording was stopped for a
short time near point 6.43 to allow for recovery. The
action is typical of acetylcholine. The heart recovered
completely. Still lower concentrations were not tested
in this heart.
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Pig. 38 The probable incidence of effect from different
concentrations of acetylcholine in the hearts
of 86 frogs. The number of frogs in which the
heart was* or would have been affected by
different concentrations of acetylcholine is
shown (see text). The incidence of effect
increased progressively as the concentration
of acetylcholine increased, till the hearts
of all the 86 frogs were involved at the-7concentration of 10 g/ml. The relationship 
between the concentration of acetylcholine 
and the number of frogs in which the heart 
would have been affected, is roughly 
exponential.
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Fig. 74 Grade I effect (inhibitory ) with the test solution 
of * Port ex standard * P.V.C. tubing, the solution 
having been obtained by the method of soaking.
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" F i g m  8 7  E x t r a c t  f r o m  t h e  r e c o r d  of s a m e  h e a r t  as i n  E ig* 86#
T h e  s a m p l e  of t h e  s am e  test s o l u t i o n  f r o m  *‘^ i l ic on e  
T C - I56* o b t a i n e d  a f t e r  3^h.ours of s o a ki ng ,  n o w  p r o d u c e d  
a  g r a d e  I e f f e c t .  T h e  e f f e c t  is s i m i l a r  t o  t h a t  o f  
* S i l i c o n e -1956' a f t e r  24 h o u r s  of s o a k i n g  as s h o w n  i n  
Fig .  86. A s m a l l  d e c r e a s e  i n  t h e  h e a r t  r a t e  d u r i n g  
c o n t r o l s  is of n o  s i g n i f i c a n c e .  T h e  e f f e c t  of t o x i c i t y  
is m o r e  p r o m i n e n t  o n  t h e  b l o o d  p r e s s u r e .  T h e r e  is a  d e l a y e d  
i n c r e a s e  in t he  h e a r t  r g t e  w i t h  a  f e w  e x t r a  sys to le s.
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Fig. 88 Extract from the record of same heart as in Figs.
8 6  a n d  87* T h e  t e s t  s o l u t i o n  f r o m  ' Silicone-1956* 
a f t e r  56 h o u r s  of s o a k i n g  p r o d u c e d  a  g r e a t e r  
effect t h a n  tha t  p r o d u c e d  b y  the t e s t  s o l u t i o n  
o f  ' S i l i c o n e  T C - I56* (Fig. 87)* A l s o  n o t e  t h e  
b i p h a s i c  effect o n  t h e  h e a r t  r a t e  and t h e  g r e a t e r  
d e g r e e  of i r r e g u l a r i t y  i n  r h y t h m  a f t e r  t he  p e r f ­
u s i o n  w i t h  test s o l u t i o n  f r o m  * S i l i c o n e - 1 9 5 6 * . 
H o w e v e r  it s h o u l d  b e  a p p r e c i a t e d  t h a t  t h e  tes t  
s o l u t i o n  f r o m  * S il i c o n e - 1 9 5 6 *  w a s  p e r f u s e d  for a  
l o n g e r  t i m e  thain thafT f r o m  ' S i l i c o n e  T C - I56* •
T h e  i m p o r t a n t  point is that ' Si li co ne  T C - I56* did 
n o t  s h o w  a n y  t o x i c i t y  a f t e r  24 h o u r s  o f  soaliing 
b u t  s h o w e d  t o x i c i t y  a f t e r  36 h o u r s  o f  soaking.
* S i l i c o n e -1956* s h o w e d  t o x i c i t y  a f t e r  24 h o u r s  
of soaking. H e n c e  ' S i l i c o n e  T C - I56' w a s  s l i g h t l y  
b e t t e r  t h a n  ? S i l i c o n e - 1 9 5 6 *•
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Fig* 89 Grade III effect due to the toxicity of 'Silicone
DSR-55I'*
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Fig# go The test solution from 'Water cl ear* F.V.O. tubing 
cleaned several times produced no effect#
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Fig. 92 Comparison of the toxicity of *X-lon* P.V.C. tubing 
cleaned several times and not cleaned at all. The 
€est solutions from both cleaned and fresh tubing 
were obtained after identical duration of soaking. 
It is clear that the toxic it y was reduced after 
repeated cleaning.
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Eig* 95 Comparison of toxicity of test solutions from 
* X-lon P.V.C* tubing cleaned several times and 
cleaned once only. The test solution from the 
tubing cleaned several times produced no effect 
whereas the test solution from tubing cleaned once 
only was highly toxic producing a gross irregularity 
of rhythm.
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Table 2
Cone.of üch No. of tests Illustrating figure No. Mean Value inhibition) Rate B.P.
MaxlmuQ variation inhibition) Rate B.P.
1.5 X 10"^ 2 Pig.20b 4l 76 3 7
5 X 10-3 2 Fig.15a Block 78 Block 3
10-3 2 Fig.15a 11 22 2 1
5 X 10-9 2 Fig.l3ç 9 11 2 2
5 X 10-9 2 Fig.l3ç 11 17 3 10
10-9 7 Fig.21 13 7 5 3
10-9 3 - 17 20 4- 3
10-9 2 - 11 20 7 1
10-11 3 Fig.27 17 10 2 5
10-11 2 Fig.52c 11 27 5 5
10-11 3 Fig.52a 33 23 irregular 11
10-11 3 Fig. 5 ^ 46 ^0 7 5
10-13 7 Figs. 4-7, ?7, 58,5™ 44. 30 27 29
10-13 2 Fig.28 ?8 21 0 0
10-1? 3 Fig. 54-0 22 18 8 10
10-1? 2 Fig.5& 13 22 1 5
10-17 3 Figs. 59, 60, ??£
28 51 5
!
9
10-19 3! Fig. 55ç . 20 36 6
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Table h
Spontaneous variations in sensitivity to acetylcholine with time*
Date of start Sex
Duration of
previousperfusion
Change in sensitivity
or 0 Degree of change
20-12-59 F 2k 0
26—2—60 M 21 + -15 «17sensitivity from 10 to 10
13-3-60 M 13 -S -7sensitivity from 10 to 10
18-8-60 M 13 + -7sensitivity at 10 to stoppage at 10"
25—8—60 F 2h 0
15-9-60 M 2k -8 «7stoppage from 10 to 10
13-10—60 M 13 - -8 -7sensitivity from 10 to 10
26-1-61 M 21 + -8 -11 sensitivity from 10 to 10
+ increase, - decrease, 0 no change in sensitivity.
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Table 6 .
Threshold sensitivity of hearts to acetylcholine after alterations in the composition of Ringer’s solution.
Hearts alterations in the Ringer’s sensitivity withsolution. normalRinger modifiedRinger
1. low calcium (?5^ of normal) 10“^^ 10~^^
high calcium (150^ of normal) icT^ 10“*^
2. low calcium (75# of normal) 10~^low calcium (75^ of normal) —7 -7+ sucrose 1 g/l 10-7 1017high calcium (l50^ of normal) 10 10high calcium (l50^ of normal) «7 «7+ sucrose 1 g/l 10 10
3. normal Ringer without glucose , -7 10^ 7 , -7 10^7normal Ringer with glucose 10 10normal Ringer with sucrose -7 «7in place of glucose 10 10normal Ringer + glucose + -7 -7sucrose 1 g/l 10 10low calcium (25# of normal) _7 «7without glucose 10 10low sodium (50# replaced by —7 _7sucrose) 10 10
h. low potassium (50# of normal) , -0 10_7 10I7high calcium (l50# of normal) 10 10
5. low calcium (75# of normal) 10^ 7 10"’làw potassium (50# of normal) high calcium (150# of normal) 10 10+ low potassium (50# of «7 _7normal) 10 10low sodium (50# of normal) + —7low potassium (50# of normal) 10 10
©H
e-i
©bOo •6 S
° sII 
=* 8
g
iHI
■S©O
■s
©
g
o©
*p
m448
JP
©
•g
'0
4^
•ë
g©
44o
■Pü©
©jG
M©©I
©x;E-» EH
©p
^  d
*d .H 0iH > XJ0  «H ü t-x; 44 iH 1© .H 0 |>» 0(D © 44 44 HP P ©X  © ü44 © ©
+4 © 44 O © © 44 O © i'd o y4
©IsA
s©
■g
©I
©bO
§ 5 : 4&Xo ©PC
©bOIO p•H i♦r4©?
©
&I
g
© © 44 »o P H%
g•H © 44 P  U  O © <H *0
I
P©t
•3 g•r4 X  44 bû P  g  O  O  © p © p
©
g
o
irH
S
g
O
HTS
CM
OH OH
o
YH
(A
g#O
00vO
O
CMvO
32
CMM3«f*-rH
%
O
C^iH
g
00rH9
lA•fAI
XA•0\rH
O•fACM
O
'Ÿ
r00
XA
g
co
CM+
'O.
?
*M3
S;#CMiH
O
rHV00
vO
OiH
§
fACM*84-
€
?
XA-P-♦
Îh
0\
H
a
§
oiH
8
O
?
1?
M)
23*TA
o
*H
%
CO
s OrH
2 3  2 3O  O
#
?
coA-*
?
XA
<ACM
A-vO*CMCM
S
0  :%
1CM
d\
CMI
XAXA•OI
«
CNX!r•CO
o
CMrHA
S
S t-IOp4
XA
O
OXA
+
CNvO
COXA•00
CNGO•VO
S s
o
' fCM3
o
'fCM
TOv
CM
o COH
O
o
3
gU
A-
©rH
■§Eh
OH
>I
(A
23#(A1
o\CM
OI
OVOcSrH
fArH
S I
XA#-=f
#
I
rHOn•oo
oCM
On
Prr
O
CMrHI0\
CMCA
O
CMV
23
23
XA#Xj
OOH
(A CM vO rH # oO  CM I I
03fA#A-CM
S•OnCM
O
CM
3
HH COri ©H
S s
o
<A
Ooo
?
%#
%
CM
VNO
TA
CM
O n
-HCM
S
CMTCMCM
OO
© œ ©
orH
CO
?
23
i
OnXA
CM
1"(ACM
ONrH
S
OeO
O*oo
-?
g«
oo
g
0\rH
O
CMVR
g
H
CMrH
CM
O
O
S
CTN
?
<ACM
?
8
g
r-
23
S
O
S
rHVO
?
À
O
fAfA
rH
IrH
CMCM
Ooo
r-xt
Y
CMON•XACM
CM-=f•C^CM
Pt,
fACM
C-1 'i
Oco
ONvO
#CM+
-P
CMfA
fA
R
CO
"g
s
nHI
O
orH
vOXt
?
OOoo*
?
S
%
H
'?XArH
TACM
S
P)1
O
orH
OnXA*
ï
C^fA*?
CMA-•<ACM
23«fACM
H
'Ÿ
23
«
'ŸCMCM
CM
AI
g«CM+
CMA-
CMHeVOCM
S
o
%
rHfA*
*?
23
23e?
OO n
2 3
S •(A(A
S
CM
OOCM
OCO
■à
s
rH
'Ÿ
i*CMCM
O nCM
©
©Pü©TJ
©
©po
.s
CO
IEh
mbOoa •44 PO •H44 rHOX Xbû o•H rH©PB 44© ©ÜX ©44
P O44o© ©44p Po ©p ©© X44© p© •Hbû ©O XP 44Pi44 %O©PO "0t4 f444 44Ü •H© ©*ü? Pp ©•H ©44O rH44 XO ©© ©44 P44 X© 44© ©X XBr* Eh
t  *
O 44 O O X  »H 44 rH
8 S ^P © © X  © Ü44 ©
(B
" oiH
A
's ■=3
A
■s
©
1 .
H  ©© © bO p 44 © o *H O O P  44 T* Pi
XA•H
XA• O•fA
o*fA
o•(A
o*XA
o•XA
©bO p © «H 4444 X  P © bO © bO*H O P ©
fel ^Pi o
■R• S
7
P•
CAXA*
s•
$
« A-rH•
©
§ 2Xo
sbû
"q|
COCM•
?
23•
?
rHxt•
■?
23#
A-A-•
A-
'q
V
•
■?
©
b!)
©
§
4^
fe S44 T)
“a s
rH•
a
CMXA
3
«rHCM
COvO
a
CMA-#
rH
H
3 5
s
©
§
•8?
o o44 ’O  © P X  »H
&*oCM
A-CO
3
o\OO#
H
23#OCM
23
23
8
39
23*COiH
© S s R Pti pA P=i S
O *H P © ©
l i '
rH
'?CM1fA
CM1
H
H
i*ooI
5
H
i*CO
H
i*CO1
H
iH
3
H
1
à
rH p © © ©X  44 bO P § o o © 3 p CO P 44
rH CM fA xt XA vO
©8©u0 © n1
©©
2up
Table 9
Approximate duration between the pr^aration and use of aoetyl- 
-choline solutions in some of the experiments in which lowrjconcentrations of acetylcholine (lower than 10 g/ml) were 
effective.
date of experiment
duration of standing of solutions
concentration of acetylcholine found 
to be effective.
5-2-60 24 hours 10**^  g/ml
26-2-60 5.5 hours 10“ ®^ ’ ’ 
lo-'’ "17.5 hours
26-3-60 1.5 hours 10”^^ » »
5—8—6o 18.0 hours 10"^ » »
11-11-60 U.O hours lo"^^ » *
16-12-60 1*5 hours lo"""® • »
23-12-60 1,0 hours 10"^^ » *
30-12-60 4*5 hours 
2*0 hours
10"^^ ’• 
lo"^ *^  ’ ’
lU-1-61 1.5 hours 
2*0 hours 
1.0 hours
10 "  
lo"^* *’ 
lo"^^ » :
26-1-61 12.0 hours lo"^^ * *
28-1-61 8*0 hours «15 10 ”
2-2-61 4.0 hours 
5.75 hours
«15 10 ”  «15 10 * »
3-2-61 3.0 hours
2.0 hours
_ «15 10 "  -10 10 ”
Table 10
Action of Increasing concentrations of adrenaline in the hearts of
uninjected frogs.
Serialnumberoffrogs
Date Sex
Concentrations of adrenaline in g/ml.
ICT^ 10-’ 10~* 10~^^ icT^^
1 27-10-60 F + 0 0 0
2 3-11-60 M + + 0 0
3 2-12-60 M ++ ++ — 0
0 no effect^ + stimulation,, - inhibition. 
Number of plus or minus indicates degree of effect.
Table H .
Action of increasing concentrations of adrenalinein the hearts of oestradiol injected frogs.
serialnumberoffrogs
date sex total dose in mg
concentrations of adrenaline in g/ml.
ICT^ 10 10“'' loT^^ lo"^ '^
1 10—11—60 M 0.01 +++ 0 0
2 11-11*60 M 0.01 +++ + +
3 11-11-60 M 0.005 0
h 17-11-60 M 0.01 ++++ 0
5 18-11-60 M 0.01 +++++ 0 0
6 18-11-60 M 0,01 0 0 0
7 24-11-60 M 0,015 +++ 0 0
8 25—11—60 M 0.015 ++ 0
9 25-11-60 M 0.015 ++++++ 0 0
10 1-12-60 M 0.015 ++++ “r 0
11 1-12-60 M 0.015 +++ +++
12 8-12-60 M 0.6 +++ 0 0
13 9—12—60 M 0.6 ++ 0 0
lit 9-12—60 F 0.3 +++ 0 0
15 15-12-60 F 4.5 ++ 0 0
16 15-12-60 M 4.5 ++ <^ R
11 16—12—60 M 3.0 +++ 0
18 23-12-60 M 8.0 +++ 0 0 0
19 30—12—60 M 10.0 +4+43
+ increase, - decrease in all parameters, 0 no effect.
or increase or decrease of other parameters mainly due to
^increase or decrease in heart rate respectively.R+ decrease of other parameters mainly due to increase in rate °R« decrease in rate with no change in other parameters.
++++S, stimulation followed by stoppage.
Other notations as in Table 8.
Table 12
Actions of increasing concentrations of nor-adrenaline in the hearts
of uninjected frogs.
Serial
number
of
frogs
Date
- - - - - - - - - - - - - - - - - - - -1
Sex
r*' ---- --- ' -...  —Concentrations oi
in g/ml.
7 nor-adrenaline
10*® 10“*^ 10“^ 10*^^ -1510
1 3-11-60 M ++ + 0 0
2 4-11-60 M ++++ 0 0 0
3 2-12-60 M ++ -R+ 0
- -  - -
0 no effect, + stimulation,
-R+ fall in other parameters due to increase in heart rate. 
Number of plus indicates degree of effect.
Table 13
Actions of increasing concentrations of noradrenaline in the hearts of oestradiol injected frogs.
serial
numberoffrogs
date sex total dose of oestradiol in mg
concentrations of nor- adrenaline in g/ml
10*® «710 10“* -1110 -1510
1 10-11-60 M 0.01 44 0 0
2 11-11-60 M 0.01 +++ 44 4 4
3 11-11-60 M 0.005 4R+ 0
k 17-11-60 M 0.01 ++++ 444 0 0
5 18-11-60 M 0.01 4444 0
6 18-11-60 M 0.01 4444 0
7 2U-11-60 M 0.015 + + + + 4 0 0 0
8 25-11-60 M 0.015 0 0
9 1-12-60 M 0.015 + 4-+ 4 4
10 1-12-60 M 0.015 4-44"
11 8-12-60 M 0.6 4 4 0 0
12 9-12-60 M 0.6 4 0 0
13 9-12-60 F 0.3 4 4 0
14 15-12-60 F 4.5 4 0 0
15 15-12-60 M 4.5 4 4 0
16 16-12-60 M 3.0 4 4 4 4 4 4
17 23-12-60 N 8.0 4 4 4 4 0 0
18 30-12-60 M 10.0 4 4 4 $
4++S stimulation followed by stoppage other notations as in Table 11.
Table lU
Actions of increasing concentrations of 5-hydroxytryptairiine inthe hearts of uninjected frogs.
serial number of frogs
date sex concentrations of 5-hydroxytrypt- -araine in g/ml.
10*® io“^ -810 10*^^ 10*^^
1 U-11-60 M 0 0 0 0
2 5-11-60 M + 0 0
3 2-12-60 M + " X 0
notations as in Table 11.
Table 15
Actions of increasing concentrations of 5-hydroxytryptainine in thehearts of oestradiol injected frogs.
Serial
numberoffrogs
Date Sex Total dose of oestradio ih mg.
Concentrations of 5-hydrosy- 
tryptamine in g/ml,1
10-® 10*^ 10** 10*^^ 10*^®
1 10-11-60 M 0,01 ~*R+- "r- 0 0
2 11-11-60 M 0.005 *R+++ *R++ 0 0
3 2Ü-11-60 M 0.015 "*R+++ 0 0 0
k 25-11-60 M 0.015 *"*R+++ R+ 0
5 1-12-60 M 0.015 *"*R++ *R+ 0 0
6 5-11-60 M 0.015 ++_R+++ "*"R+ 0
7 8—12—60 M 0.6 — — —— -
8 9-12-60 M 0.6 + 0 0 0
9 9-12-60 F 0.3 + 0
10 15-12-60 F U.5 + 0 0 0
11 15-12-60 M U.5 0 0
12 16-12-60 M 3.0 -- 0
13 23-12-60 M 8.0 *R+ 0 0 0
lU 30-12-60
1-----------------------
M 10.0 *R+ 0 0
notations as in Table 11,
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